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Abstract

Seahorses, pipefishes, seadragons and pipehorses are members of the family of
Syngnathidae. They are resident species, inhabiting vegetated coastal ecosystems and have
a word wide distribution. The most interesting aspects of their biology are a) male
pregnancy and parental care, b) sex role reversal and c) complex mating system. Despite
the fact that studies on the biology, mating system and phylogenetic relationships of
European syngnathids have significantly increased over the last decades, they mostly focus
on populations at different/ major biogeographical zones and therefore provide data only
on large scale differences.

Due to the high degree of vegetation along the Greek coastline, nine syngnathid
species occur sympatrically: Hippocampus hippocampus, Hippocampus guttulatus,
Nerophis ophidion, Syngnathus abaster, Syngnathus acus, Syngnathus phlegon,
Syngnathus typhle, Syngnathus taenionutus, and Syngnathus tenuirostris. Studies on the
biology of these species in the lonian and the Aegean Sea are rare and in many cases any
available information is the result of bycatch. Also, despite the fact that existing
phylogenetic studies at a European level tried to cover the species full distributional range,
sampling regions are lacking in the Eastern Mediterranean part.

The lack of available information on the biology and phylogeny of syngnathids
along the Greek coastline is a major gap in the overview of the species biology and
evolution as the lonian and Aegean Seas: a) consist of a wide range of ecosystems
regarding biotic, abiotic, physicochemical and other environmental factors, b) constitute
two major biogeographical zones c) are important ecosystems of the E. Mediterranean Sea
as they are in close proximity to the Marmara, Black and Adriatic Seas

Taking these factors into consideration, the aim of the present study was to examine
the biology, the genetic and phenotypic structure, and the mating system of the
sympatrically occurring syngnathids along the Greek coastline. The two most abundant
species of the Greek coastline — Syngnathus abaster and Syngnathus typhle- were used as
model organisms.

The biology of the two species was assessed by the examination of the relative
abundance, population structure, sex ratio, operational sex ratio, length at maturity, length-
weight relationships, and gonadosomatic and hepatosomatic index in two ecosystems of
the N. lonian Sea (Drepano and Neochori). These habitats vary in abiotic factors (type and
coverage of habitat, exposure to the open sea etc.) and are almost 80 km apart.

A total of 578 specimens of S. abaster species were caught in Drepano (n=313) and
Neochori (n=265) stations during the present study. The relative abundance of sampled
specimens was not statistically different between the two stations. At the same time, the
number of caught individuals at each period differed in both stations indicating a seasonal
migration pattern, i.e. overwintering in deeper waters. In Drepano station the population
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composed of specimens from 28.0 mm (juvenile) to 253.0 mm (female). During the same
period, in Neochori station the shortest total length (23.0 mm) was recorded in a juvenile
individual while the longest (238.0 mm) in a male. The length frequency distribution of
adult and unsexed specimens in Drepano and Neochori stations revealed two length classes
indicating the occurrence of two cohorts per year. The first cohort constituted mainly of
unsexed and adult individuals smaller than 120 mm (0+), while the second cohort consisted
only of adult individuals larger than 120 mm (1+). Therefore, the species lifespan most
probably exceeded 12 months and reached 18-20 months, similarly to the Adriatic Sea
population. In both stations males and females exhibited positive allometric growth
pattern, whereas unsexed specimens presented an isometric pattern. The overall sex ratio of
S. abaster males to females and the operational sex ratio (ratio of non-brooding to active
female individuals across the breeding period) were female biased in both stations. This
outcome was expected as female biased operational sex ratio is an indicator of sex role
reversal. S. abaster individuals matured and were ready to reproduce when they reached
approximately 70 mm. Reproductive period started in early spring (March or April) and
lasted until early October as indicated by the formation of the brooding pouch, the
presence of pregnant males and the values of the gonadosomatic index. Furthermore, the
values of gonadosomatic index implied synchronization of male pregnancy in Neochori
station and unsychronization in Drepano.

A total of 724 specimens of S. typhle species were caught in Drepano (N=287) and
Neochori (N=437) stations during the present study. The relative abundance of sampled
specimens was not statistically different between the two stations. However, the abundance
of S. typhle in both stations varied during the present study. A seasonal migration pattern
was most possibly the cause for this variation. The population in Drepano station
composed of specimens from 33.0 mm (unsexed) to 243.0 mm (female). At the same time,
in Neochori station the shortest individual was unsexed (25.0 mm), while the longest
female (188.0 mm). The length frequency distribution of S. typhle in both stations
indicated that the species life span consisted of two and possibly up to four age classes.
The first cohort consisted mainly of unsexed and a few adult individuals with total length
shorter than 80 mm (0+). The second, third and fourth cohorts consisted of adult
individuals with total length shorter than 120 mm (1+), 160 mm (2+), and larger than 190
mm ( > 2+) respectively. Among adult individuals, both males and females displayed a
positive allometric growth pattern in both stations. S. typhle individuals in N. lonian Sea
matured when they reached about 75 mm. The operational sex ratio in both stations was
female biased. This outcome was expected as the species is sex- role reversed and female
biased operational sex ratio is an important indicator of this behavior. Reproductive period
started in early spring and lasted until October. The duration of the reproductive period
was indicated by the formation of the brooding pouch, the presence of pregnant males and
the values of the gonadosomatic index. The values of the GSI further indicated that
individuals in Drepano station breed in continuous batches throughout the reproductive
period while in Neochori station two and possibly three major brooding batches occurred.



The genetic structure of the two species was examined using the mitochondrial
DNA control region and the nuclear locus Al. Samples were collected along the Greek
coastline from June to August 2010. Localities depicted the range of the species
distribution along the major biogeographical basins in the mainland coastline of Greece.
Both mtDNA and nDNA analysis verified the lack of haplotype sharing between the two
species. Thus the phenomenon of hybridization was excluded. Both species were found to
constitute monophyletic clades.

Along the Greek coastline, both mtDNA and nDNA analyses revealed in most
cases a striking lack of haplotype sharing between lonian and Aegean Sea individuals of S.
abaster species. This fact indicated a significant distinction in the species genetic structure
between the two Seas. A possible break could be located in Southern Peloponnese
Peninsula. Against the general pattern, phylogenetic tree and network analysis revealed the
presence of few common haplotypes between the lonian (Kalogria samples) and the N.C.
Aegean Sea.

Taking all these factors into consideration, the genetic structure of S. abaster along
the Greek coastline was more probably justified by the presence of at least two refugia
(one for the Aegean and a second one for the lonian Seas populations) during the glacial-
interglacial activities. The ancestral populations of these refugia recolonized the two Seas.
Even though geographical barriers, hydrological features and reduced dispersal ability -
due to the bony armor along syngnathids body and the benthic behavior encountered in
both juvenile and adult specimens - promoted the isolation of the lonian and Aegean Sea
populations, there was some (reduced) gene flow. This admixture could have occurred
either during the postglacial recolonization process or at a latter point due to passive
transportation. However, this reduced gene flow was not sufficient enough to induce
homogenization and ultimately led to the distinct clades of the lonian and Aegean Sea
populations.

Along the Greek coastline the genetic structure of S. typhle was incongruent
between mtDNA and nDNA markers. Only mtDNA analysis revealed a pattern of genetic
structuring uncorrelated though to geographical barriers. Despite the existence of genetic
structure, shared haplotypes were recorded even between distant populations. These shared
haplotypes could be the result of a common gene pool (common refugium during the
Pleistocene period) and/or indicate passive transportation of juveniles in the floating
vegetation. NDNA analysis revealed high levels of connectivity and panmixia. The
incongruent pattern of genetic variation and structuring revealed by the two markers could
be attributed to their different evolution rates and/or to a larger dispersal ability of females
compared to males, or it could be an artifact due to the low number of samples sampling.

At a European level mtDNA analysis indicated that the Greek haplotypes forming
the E. Mediterranean clade, were separated from the W. Mediterranean and Adriatic Seas
haplotypes and showed a limited affinity to the Marmara-Black Seas. In agreement with
results at Greek scale, nDNA marker analysis revealed a very shallow genetic structuring
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suggesting that across the species range the southern populations (including Greek
samples) are less isolated and related than the northern. These patterns, both at a regional
and broader scale, seem to support the hypothesis of a common refugium in the E.
Mediterranean for both lonian and Aegean Sea population during the Pleistocene period.

Morphological differences were investigated with the use of a fifteen landmark
based morphometric protocol and seven meristic characters. Canonical Variate Analysis,
revealed that S. typhle had a more elongated snout and main body, whereas its trunk was
shorter compared to S. abaster. The difference of the main body and the trunk between the
two species was also supported by meristic characters. S. typhle had more rings in the main
body (predorsal) and less in the trunk (underdorsal and postdorsal) compared to S. abaster.
The observed snout shape changes could probably be attributed to variations in the
foraging ecology of the two species. In particular, the long snout of S. typhle could account
for the species preference on fast moving and large sized pelagic preys. On the contrary the
short snout of S. abaster is most probably associated with a preference on little prey hidden
in the vegetation. Morphological comparison of S. abaster and S. typhle species indicated
that the two species are completely separated, without any intermediate morphotypes.

Sexual dimorphism analysis indicated that females of S. abaster and S. typhle had a
more elongated and thicker snout and main body and at the same time a more slender trunk
compared to males. This outcome was associated to the fact that males needed more space
to carry their embryos (thicker trunk) while females had larger main body in order to
produce and store as many eggs as possible. The difference in the snout could be related to
different feeding habits between the two sexes.

The phenotypic variation among individuals of S. abaster and S. typhle showed that
both species form two morphometricaly distinct populations: i) Aegean and ii) lonian Sea.
For S. typhle, the species distinct morphological clades contradict the significant yet
unrelated to geographic distances genetic structure found based on mtDNA analysis .The
analysis of S. abaster showed that the individuals in the lonian Sea had a more slender
body and elongated snout compared to the Aegean Sea’s. Additionally, apart from major
geographical differentiation, even more groups were discovered: The population of lonian
Sea was further divided into three distinct groups: i) N. lonian Sea- Katakolo, ii) Kotichi-
Kalogria group and iii) Neochori (Amvrakikos Gulf). The shape changes associated with
the CV axes showed that: i) individuals from Kotichi- Kalogria and Neochori group had a
more elongated body and a thicker trunk than N. lonian Sea- Katakolo group, ii)
individuals from Kotichi- Kalogria group had a larger head, a more elongated snout and
main body compared to the individuals from the rest of the groups. The population of the
Aegean Sea was further divided into three distinct groups: 1) N.W. and C. Aegean Sea, i)
N.E. Aegean Sea and iii) S. Aegean Sea. The shape changes associated with the CV axes
showed that: i) individuals from the N.E. Aegean group had larger head, smaller main
body and slender trunk compared to the N.W. and C. Aegean Sea ii) individuals from the
S. Aegean Sea group had a more elongated snout and main body compared to the N.
Aegean Sea.



The species morphometric pattern (lonian-Aegean sea distinct populations) was in
accordance with the results of the molecular analysis. However, the clades formed within
the lonian and Aegean Sea were not identical with the species genetic structure. Since
morphometric characters are only partially genetically determined, the above noticed
morphological pattern could be a form of local adaptation to the variable environmental
and physicochemical conditions of lonian and Aegean Sea. In particular, the groupings
within the lonian and Aegean Seas corresponded to different types of ecosystems.

The process of male pregnancy and the genetic mating system of S. abaster and S.
typhle were examined in individuals collected in Drepano station (N. lonian Sea) in the
first half of the reproductive period of 2012. Pregnant males of both species were brought
to the laboratory and were kept in aquariums until they released all the embryos of their
brood pouch.

Eleven pregnant males of S. abaster and three of S. typhle gave birth under
laboratory conditions in the present study. During pregnancy the brood pouch of the two
species changed both in color and texture. From a stiff structure with similar color to the
rest of the body in the beginning of the pregnancy, it became dark colored and soft before
parturition. On the day of the parturition males displayed reduced mobility and their
pouches were almost ready to open. Most of the pregnant males of both species released
their embryos in the night or early in the morning in consecutive sporadic batches by sharp
bending movements of their body. After approximately 24 hours fully formed juveniles,
resembling the adults, were released from the marsupium. Newborn juveniles of S. abaster
(average number of 43 juveniles per male) spent most of the time near the bottom hiding or
swimming in the sand, with only some sporadic movements towards the surface; benthic
behavior. Contrary, newborn juveniles of S. typhle (average number of 43 juveniles per
male) exhibited a vertical swim-up behavior near the surface of the aquarium;
benthopelagic behavior. The total length, total weight and number of dorsal fin rays varied
between the juveniles of both species. Also, their coloration varied from a light shade (light
green or brown), to a darker (dark green or brown) or even black. However, in general, no
important statistical differences were recorded in the total length, total weight and number
of dorsal fin rays of different colored juveniles.

Four microsatellite loci -S. abas3, S.abas4, S.abas7 and S.abas9- were used to
perform parentage analysis and assess the genetic mating system of S. abaster and S. typhle
species. Eight selected pregnant males of S. abaster, a subset of their offspring (N=249)
and thirty four wild individuals from Drepano station were successfully genotyped at each
of the four loci. Colony software assigned all embryos to their known father without any
mismatches. In total, according to the reconstruction of maternal genotypes at least twenty
eight females contributed to the broods of the pregnant males. At the same time, each male
received eggs from more than one female ranging from three to six mates. Within each
brood, the number of offspring sired by each mother varied from one to twenty four.
Among the sired juveniles statistically important differences were recorded in their total
length and the number of dorsal fin rays.



Three pregnant males of S. typhle, a subset of their offspring (N=78) and eighteen
individuals of the wild population (WP) were successfully genotyped at each of the four
loci. Colony software assigned all embryos to their known father without any mismatches.
At least seven females contributed to the broods of pregnant males. Two of the three males
received eggs from multiple females (up to three) while one male received eggs only from
one female. Within each birth, the number of offspring sired by different mothers varied
from one to twenty nine. No sign of females multiple mating was noted since no offspring
of different males with identical mother genotypes was found.

A subset of 1% day juveniles of S. abaster (n=278) and S. typhle (n=92) species
were examined morphometricaly. The landmarks that were selected were the same as the
ones used in adults’ morphometric analysis. Linear Discriminant Analysis (LDA) showed a
considerable difference among the 1% day juveniles of the two species, defining two non-
overlapping groups: i) S. typhle species and ii) S. abaster species. The shape changes
associated with the linear function axis showed that S. typhle specimens had more
elongated snout, elongated and thinner main body, whereas their trunk was shorter
compared to S. abaster. These differences are also, distinct traits between adult specimens
of the two species. The fact that major interspecies differences were detectable from the
first day juveniles indicated that S. abaster and S. typhle newborns are fully formed
individuals, closely resembling adult fish.

In conclusion, the comparative study of the two congeneric and sympatrically
occurring syngnathid species revealed some remarkable similarities and striking
differences. In regard to the biology of S. abaster and S. typhle, both species seem to have
established breeding non-competing populations in Drepano and Neochori ecosystems.
The lack of difference in the population structure, growth pattern and reproduction period
of both species in the examined stations indicated absence of local adaptations. The genetic
mating system of S. abaster confirmed the species polygynandrous behavior with a higher
number of females donors revealed so far. At the same time S. typhle was characterized as
polygynous. Phylogenetic and morphometric relationship studies showed that S. abaster
and S. typhle species, even though congeneric and sympatric along the coastline of Greece,
are genetically and morphologically distinct. No intermediate haplotypes or morphotypes
were found between the two species, indicating lack of contemporary hybridization.
However a different pattern of intraspecies differentiation was observed revealing the
effect of past and more contemporary drives.



Iepiinyn

H owoyévela t1ov Zuyvabiddv amoteleitol amd ToVS IMIOKOUTOVS, TIG CAKOPAPES,
Tou¢ BaAGoGlO0VG JPAKOLG KOl TOVG TOWIOHOPEOVG WmmOKaumovs. Ta péAn g
Topovctdlovy  gupeion YE®YPOPIKN KOTOVOWUN KOl OTOVIOVIOL KUPIg C€ TOPAKTIOL
owKoovoTiHate pe mAovown PAdotnon. Idwitepo evolapépov ot Proroyia  TovC
TOPOVCIALoVY 1 OVTPIKY KONOT KoL 1) YOVIKY] GPOVTid, Ol OVTECTPOUUEVOL QUAETIKOL
POLOL KO 1 TOAVTAOKT] aVOmOpoy®YIKn copmeptpopd. Ta yopakmmpiotikd avtd &xovv
TPOKOAEGEL TO £VIOVO EVOLAPEPOV TNG EMIGTILOVIKTG KOWVOTNTOG TIG TEAEVTAIEG OeKaETING.
[Mop Oho avTd Ol pPEAETEG TOL TPOYUATOTOOVVIOL OPOPOVV KLPIWS UEULOVOUEVOLS
TANOVOUOVS SLPOPETIKAOV PLOYEDYPOUPIKMOV TEPLOYDV. LVVETMS LILAPYEL £VOL CNUAVTIKO
KeVO ot Katovonon g Proroyiog Kot TG TANOBVOUINKNG-YEVETIKNG GVGTAGNS TOV EW0MOV
aVTOV EVTOG TNG 10106 1] YEITOVIKAOV Bloyemypapikdv {ovov.

210V EMAOSIKO YMPO, OTAVTIMOVTOL EVVIGL €0 TNG OKOYEVELNG TV XVyvadidmv:
Hippocampus hippocampus, Hippocampus guttulatus, Nerophis ophidion, Syngnathus
abaster, Syngnathus acus, Syngnathus phlegon, Syngnathus typhle, Syngnathus taenionutus
and Syngnathus tenuirostris. TTapd v agBovio tov €ddv oto [6vio kot to Atyaio
[Téhayog o1 dwabéoyeg mAnpogopieg oyetikd pe ™ Proioyio Tovg, TN KOTAGTACT TOV
TANBLOUADV TOVG, TIG QLAOYEVETIKEG TOVG OYECES K.0. givol ombvieg kol cvvnlwg
EKLOLEVOVTOL OEVTEPOYEVAC OO UEAETEG OYETIKEG Me GAAa €ldm yBdwv. Xe gvpomaikd
eninedo, mopd TO YEYOVOG OTL Ol LVOIOTAUEVES (PLAOYEVETIKEG HEAETEC, Tpoomafovv va
KOAOYOLV 0G0 TO JLVATOV UEYOADTEPO TUNUO TNG KOTAVOUNG TOV EW0MV, dEV LITAPYOLV
emopkn dedopéva yuoo v A. Meoodyelo. Zuykekpiuéva, péEypL oTiyung €xovv peietnOei
mAnBuopol TV cLYKEKPIUEVOVY EWDOV: 1) povo amd pia teptoyn tov Atyaiov ITeddyovg 1 ii)
amo ™ A. Meodyelo kar ) Odrhacscsa Tov Mappapd yopic vo vrépyovv dedopéva yio o
I6vio ko o Aryaio ITérayoc.

H éMhewym S100éc1umv TANPoQopLdY GYETIKA e T PloAoyio Kot TIG LAOYEVETIKEG
OYECELG TOV HEAMDV NG OwWoyévewg TV Zuyvadiddv katd PNAKOS NG EAANVIKNG
OKTOYPOUUNG amoTerel éva onuavIikd kevd oty emiokOmmon g Ploioyiog kot ToV
QLAOYEVETIK®V TOVS GY€cemV KaODS to 16vio kot to Aryaio [TéAayoc: o) amotehovvtal amd
éva, eVpy EAGHUA OIKOGVOTNUATOV PE TANOMPO PlOoTIKAOV, aPlOTIKOV, PLCTKOYNUK®OV Kot
ALV TEPIPUALOVTIKOV TOPOAYOVI®V, ) GLUVIGTOOUV VO OKPITEG Ployemypapikeés LOVeEG
Y) €lvon onuavtikd owoocvotiuata g A Mecoyegiov kabng yertvialovy pe v AdpLoTik|
®Odlacca kot T OdAacoo Tov Mappopd.

Aoaupdvovtag voyn OAOLG TOLG TOPAYOVIEC TOV OvoEEPONKOV, GKOTOC TNG
TOPOVCaG SLOAKTOPIKNG daTpIPng ftav va pedetnBet | froroyia, N YEVETIKT] GVGTOGN, TO
@OIVOTLTIKO TPATLTO KOL 1) AVATOPAYWYIKT) COUTEPIPOPE TOV EWOMV TNG OIKOYEVELNS TWV
2uyvofdodv otov eAAadIKO ydpo. H pedétn mpaypatomromnke ota dvo mo apbova kot
eEamiopéva €10n ™G 0KOYEVELNG KATO UNKOG TNG EAANVIKNG OKTOYPOUUNG, TO omtoia ivat
ta Syngnathus abaster kou Syngnathus typhle.



H peiém g Proroyiog twv dvo €8V mpoyuatortomndnke pe v e&€taon g
OYeTIKNG agboviag, ™ ooung mAnBvoudv, g ovoloyiog QUA®MY, NG YEVVNTIKNG
opipavongs, TOV 6YECE®MV UNKOVG BAPOVE, TOL NTOTOCMUATIKOD KOl TOL YOVUOOGMUATIKOD
deiktn. Ta dtopa TV 6Vo 0OV OV YpNooTomONKaY oTn LEAET GLAAEXONKOV GE VO
owkoovotnuato tov B. loviov, to Apémavo kar 10 Neoywpt. Ta otkocvotiuato ovtd
améyovv mepimov 80 YIMOUETPO KOl SOPEPOVY MG TPOG TOV TLTO, TNV KAALYN Kot TNV
TokvOTNTO TG PAAGTNONG, TNV £KBEGN TOVG GTNV avoyTh BAANGGH Kot TOV KOUOATICUO, TOV
TOTO VITOCTPAOUOTOS Kot AAAOVS 010TIKOVS TOPAYOVTEG.

¥t mopovoo perétn e€etdotnkay cuvolkd 578 dtoua tov gidovg S. abaster (331
dropa amd 10 otabPd ToL Apemdvov kot 265 dtopa and 1o otabud Tov Neoywpiov). H
GUVOMKT GYETIKN apOovio TV CLAANEOEVTOV aTOUMVY deV JIEPEPE GTATIOTIKG CNUAVTIKE
petah tov 000 owoovomnudtewv. Opmg, o kdbe otabud, diépepe o aplBudg TV
GLAMNEOEVTOV aTOL®V ava TEPiodo KaBMG GLAAEYONKAV AlydTEPA ATOWO TOVG XEYEPIVOLG
UVES KOl TEPLOCOTEPA TNV AVOLEN, TO KoAoKaipt kKot to @Owoénwpo. To yeyovog avtd
VITOOMADVEL €VOL LOVTELO EMOYIOKNG UETAVAGTELGNG, ONANOY LETAKIVIION TOV OTOU®V GE
peyoaAvtepa Kol TpoototevpEva Badn Tovg yeeptvovg unvec. O otobpog tov Apemdvov
amotelobvTay amd dtopo punkovg 28 (veapd dropo) £wg 253 (Bnivkd dtopo) yiMoot®dV
evd 0 otafudc Tov Neoympiov and drtopa pnrkovg 23 (veapd dropo) €mg 238 (apoevikd
dropo) ytmootav. H katd punkoc cuvheon dpluov Kot veapmv oTOU®Y 6TOVG GTaOIOoUS
Tov Apemdvov Kot Tov Neoympiov védeiEe dvo KAAoELS peyeddv Tov avtioTotyovV 6€ dVO
nAkakéc opddeg. H mpd opdda (0+) amotehovviov amd veopd Kot MPYLo ATOHO UE
OMKO pfkog pkpdtepo amd 120 ythootd, evd 1 devtepn opdoa (1+) amotedovvtov puovo
amd AP ATOHO OAKOU UNKOLG peyaAdtepov tv 120 yilootov. Aappdvovtag vroyn
v Vapén avTOV TV 600 opddmV eKTILdTOL OTL 0 XpOvog LonNg Tov ldovg Eemepvd TOVg
12 pnveg ko @taver péypt ko toug 18-24 pnvec. Ta dpa dropa (apoevikd kot Onivkd)
napovciocay OeTikd AAAOUETPIKO TPOTLTTO AVENGNS Kl 6TOVG 0V0 GTaBUOVS VD T VEPD
dropo 1oopeETPIKO. TNV avaroyio OA®V Ta INAVKE EMKPATOVGAV TOV OPGEVIKOV ATOUM®V
KOl OTO OVOTTOPOY®YIKO OLUVOMIKO To ONAVKA €MKpaToOGOV TOV  UN-KLOQOPOLVTI®MV
OPGEVIKOV OTOUMV KOt 6TOVS OV0 6TafBpovg. Avti 1 Kuplapyio Tov ONAvkodv aTtdpmy Kot
oT1g 000 TEPMTMOOELS OMOTEAEL EVOEIEN TNG AVTIGTPOPNG TMOV QUAETIKOV POA®V Yl TO
eldog. H yevvmtua opipavon apoevik®dv kot OnAvkdv atdpov emitelodvtay ce punkog 70
ymootov. Katd ) didpkea g mapodcos LEAETNG 1) avamapay®yikn Tepiodog dupknoe
and T1g apyéc e dvoiéng (Maptiog- Ampiiiog) Ewc ta péca tov hvonmpov (OKT®PPLog).
H odwpxeo g avomopayoyikng mepldoov ektyundnke omd v OAOKANP®GY TOL
GYNUOTIGHOD TOV EUPPLIKOV GAKOL OTO OPCEVIKA GTOWO, TNV TOPOLGIN KLOPYOPOVLVIMV
OPGEVIKOV OTOU®V GTO TESIO OVOTAPUYMYNG KOl TIG TIEG TOV YOVAOOCMOUOATIKOV OEIKT.
Té\og, 010 oTaOUO TOV Neoympiov ot PETOPOALS TOV TYLMV TOL YOVASOCSMOUATIKOD OEIKTY
amoTeAOVV EVOEIEN GLYYPOVIGLOD TNG KOMOMG, PALVOLEVO OV eV TTapaTNpEiTaL GTa dTOopO
oV otaflol Tov Apemdvov.

ot pekét tov PoAoyK®@V xapakTnploTik®y Tov &idovg S. typhle g&etdotnrkov
cuvolkd 724 dropa (287 dtopo amd to otabud tov Apemdvov kot 437 dtopo amd TO
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otafud tov Neoywpiov). H oyetikn apbovia tov cAANQBEvIov atdpmv dev dépepe
OTATIOTIKA ONUOVTIKE HETOED TV dVO olKosvoTudtwv. Opme, ot ke otabuod, d1épepe o
aplOuog Tov cLAAMNEBEVTOV atopwv avd mepiodo kabBmg cLAAEYOMKavV Aryodtepa dToua
TOVG YEWEPIVOVG UNVEG KOl TEPIGCOTEP TOVS LLOAOITOVG. To Yeyovog awtd umopel va
opeileTal o010 QOVOUEVO NG YeEWWepvng upetoavaotevons. O otabudg tov Apemdvou
amotelobvtay amd dtopo pnkovg 33 (veapd dropo) €wg 243 (BMAvkd Atopo) YIAMOCT®OV
evd 0 otabpog tov Neoympiov amd dtopa pnkovg 25 (veapd drtouo) £mg 188 (Onivkd
dtopo) ytmootdv. H katd pnkog cbvieon Opumv Kot veapdv atop®mV 6Tovg otadpong
oV Apendvou kat Tov Neoywpiov védeile T€66ep1g KAAGELS LEYEDDY TOL AVTIGTOLYOVV GE
Té60Ep1G 1 Kot TePlocdTEPEG NAaKES opddes. H mpdtn opdda (0+) amotehovvrav kupimg
amd veapd ATopo Kot EAAYIOTO OPIE PE OMKO unkog uikpotepo amd 80 ytiootd. Ot
devtepn (1+), tpitn (2+) kou térapt (> 2+) opddeg omoTELOVVIOV HOVO OO PO GTOUO
pe oMko pnkoc pkpodtepo amd 120 yhootd, 160 ytlootd kot peyoaAvtepo omd 190
ymootd avtiototya. Ta dpya dtopo (apoevikd kot Onivkd) mapovciocav Oetikd
OAAOUETPIKO TPOTLTTO AVEN MG Kot GTOVG OVO GTAOLOVG EVD T VEPE Atopa IGopeTPko. Ta
dropo Tov €100VG PTAVOVY GE YEVVITIKN OPUOTNTO TEPITOL 6T 75 YIAMOOTA. XN HEAETN
TOL OVOTOPAYOYIKOD SLVOIKOD To ONALKG GTOp EMKPATOVGAV TOV UN-KLOPYOPOVLVIMV
OPGEVIKMOV KOl 0TO dVO OIKOCLOTNUATA. AVTN 1 Kuplopyio Tov Inlvkov atdpomv ftav
avopevopevn Kalaog to €i00g Tapovctdlel aviioTPoe TOV PLAETIKOV poimv. Katd
OUIPKELL TNG TOPOVCOG UEAETNG 1] AVOTTAPAYWOYIKY] TEPIOO0C dMPKESE ATO TIG UPYES TNG
dvoiEng (Mdptioc- Ampihoc) émg ta péoa tov eOwvordpov (OktdPprog). H ddpketa g
eKTIUNONKE OO TNV OAOKANPMOGCT] TOV GYNUOATIGHOD TOV EURPLIKOD GAKOL GTO OPCEVIKE
dropa, TNV TOPOVGIN KVOPOPOVVIMV OPGEVIKMOV OTOU®MY 6TO TEAIN AVATOpOy®mYNG KOl TIG
TIWEG TOV Yovadocmuatikov dogiktn. Télog, oto otabud tov Neoympiov ot peTaforéc TV
TIUOV TOV YOVOOOCMOUOTIKOD Oeiktn omotelodv £vOeln ouyyXpoviGHoL 1Tng KOMong,
QoVOUEVO TTOV OgV TapaTnpeiton 6t dropa Tov taduov Tov Apendvov.

H yevetic avédivon tov 000 €10GV TpayUaToTomOnKe Le Tt ¥p1non dvo HoPLoK®Y
OEIKTMOV: TNG TEPLOYNG EAEYYOL TOL pitoyovoplakod DNA kot tov mupnvikov témov Al. Ta
detypota cuAhéxOnkav 1o kohokaipt Tov 2010 amd v mapdktio {OVN TS NTEPOTIKNG
EXLGdag. Ot meproyés amd tig omoieg cuAAEYONKay To delypato eivol aVTITPOGOTEVTIKES
TV Kupdtepov Proyewypapikdv Covav tov loviov kot tov Avyaiov Ileddyovg. H
avdALoN Kol TOV dVO HOPLOKAV OelKT®V €0e1&e OTL Ogv LIAPYOLY KOwol amAdTLTTOL
avapeca 6to dVO VIO eEETaoT €101 KOl OTL ATOTEAOVV LOVOPLAETIKES opddes. To yeyovag
avTO PaiveTol Vo amoKAEiEL TOV VPPOIGUO TV ATOUMV TOVG.

To omoteAéopato ™ peAétng tov &idovg S. abaster pe Pdomn kot Tovg 60
HOplaKovg OEIKTEG (QOVEPMOAY, GTN TAEOYNOIN TOV TEPMTOGE®V, OTOVGIO KOW®V
amAOTUTTOV pHeTalh TV atdépmv tov loviov kot Atyaiov ITeAdyovc. H éAdewyn kowvav
ATAOTUTTOV ONAMVEL GE YEVETIKO €mimedo v Vmoapén dvo dakplrtdv nAnbvcuadv (loviov
kot Aryaiov TTeddyovg). I'ewypapikd 6plo twv dvo mAnbuoumdv ToAd mhavd amoteiei n N.
[Tehomdvymoog. Evavtio 610 yevikd mpOTLTO, TO QUAOYEVETIKO OEVIPO Kol TO OIKTLO
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AmAOTOTOV OTOKAAVYE TNV TOPOLGio UIKPOD aptBpod Kowmv amAoTOnOV peTalld TV
atopwv Tov Ioviov (otabpog Karoypidcg) kot tov B.K. Atyaiov ITehdyovg.

H mopotmpovpevn yevetikn dour tov S. abaster kotd UAKog TG NMREPOTIKNG
OKTOYPOUUNG TOAD TOOVO Vo GUVOEETOL UE TN TOPOVCIK TOLAGYIGTOV OV0 KATAPVYI®V
KOTA TN OBPKELN TOV TOYETOVIOV-UECOTAYETMOVIOV TEPLOIMV: £va Y10 TOV TANOLGUS TOV
Atyaiov kot £va 0e0TtepPO Yoo Tov TANOBLGS Tov loviov [Tehdyovs. Opuodpeva omd avtd to
KaTopOylo T ATopa TOL €id0vg emaveroiknoay To Iovio kot to Aryaio ITéEAayog. Tlapd v
YEOYPOPIKT OTOUOVMOOT) KoL TN HEIOUEVT OLVATOTNTO LETAKIVIIONG TOV OTOLMV TOV €100VG
(AMOYy® TV 06TEIVOV TAUK®V OV KOADTTOUV TO GOWUN TOV UEADMV TNG OIKOYEVELNS TMV
Zuyvofdov kot Tov BevOKoy YopaKTNPE TOV EVAMK®OV KOl TOV VELPOV OTOU®OV TOV
€loovg), ot Kool amAOTLTOL TOV AvVAPEPONKAY TPOTNYOLUEVMG LOPTUPOLY TNV VTaPEN
HELOUEVNS YOVIOIOKNG PONG OVAUESH GTOVG VO TANBvouove. To ypovikd didotnua Tov
TPUYUOTOTOWONKE QLT 1) ETAPT TOPAUEVEL AyVmOOTO Kot Ba pmopovoe va gival TG0 Katd
TNV EMOVETOIKNGN 000 KOl GE MO TPOCPOTN YPOVOAOYIKY| KAipako AOY® mafnTikng
HETAPOPAC. 20TOCO, 1 £VTOOT TNG YOVISIOKNG PONG OEV NTOV ETOPKNG Y10 VO, 0N YNOEL GE
opoyevonoinon v tAnbvoudv tov loviov kot tov Aryaiov ITehdyovc.

H pelétn g yevetikng odotacn tov gidovg S. typhle katd pnrog g eMAnviknig
OKTOYPOUUNG pe Paon Tovg OLO HOPLIKOVG OelKTEG 00NYNOE GE  OVIIKPOLOUEVO
amoteléopato. H vmap&n yevetwng doung mopatnpndnke pévo ommv avaivcn Ttov
MtDNA, yopic OU®c vo. amodideTal 68 KATO0 YEOYPAPIKO Oplo KoOmG mapatnpnoOnKay
KOWOl OTAOTLTTOL OVAUEGO GE AMOUOKPLOUEVOLS TANOuouovs. Avtd 10 mpodTLVIO Oa
UITOPOVOE VO, EIVOL TO QMOTEAECUO LLOG KOWVAG YOVIOLoKNG de&apevig (emavenoiknon tov
Ioviov kou Tov Atryaiov [leddyovg amd dropa mov avalntmoay éva Koo KatapOylo GTIg
[Mayetmdvieg meptOG0VE) 1 / Kot TO amOTEAEGUO. TAONTIKAG LETOPOPAS TOV PevOomelaytk®dV
VEOPOV 0TOU®V TOL €idovg péow TG emmAéovca PAAotnong. Xtn mEPImTOON NG
TAONTIKNG UETOPOPAS TO @avopevo Bo mpémel va MTav opKeETE £VIOVo (OGTE Vv
VIEPVIKNOEL TN YEOYPOUPIKY OMOUOVOOT Kot va 0dnynoel oe yevetkn movusio. Ta
OVTIKPOVOUEVO OTOTEAECUATO TNG YEVETIKNG GVOTOONG TOL €100vg pmopel va amodobovv
610 JPOPETIKO PLOUOVE EEMENG TV VO JEIKTMV KOl GE WK UEYOADTEPT OLVNTIKA
KavOTNTO O106TOPAS TOV ONAVKOV ATOUMV TOV E100VC GE GYECT LE TO APCEVIKA.

Y gupomaikd eninedo, N aviivon tov ptoyovoplokod DNA tov gidovg S. typhle
£€0e1Ee OTL o1 eAAnvikol amAotvmol oynuatilovv v opdda g A. Mecoyeiov, eivan
dwkptrtol amd tovg amAdtumovg ™G A. Mecoyeiov kot wapovoldlovy TEPLOPIGUEVN
GLYYEVELN e TOVG AmAOTVTTOVG TG Mavpng Odlaccag Kot g Odraccag Tov Mappopd.
AvtiBétwg ta amoteléopata TG avaivong tov mupnvikod DNA gavepdvouv 1oyvotepn
YEVETIKN doun otnv omoio Opm¢ ot Popetot minbuvopol tov €ldovg elvar mePLGGOTEPO
OTOLLOVOUEVOL GE GYECN HE TOLG VOTIOVS (CLUTEPIAAUPOVOUEVOL KOl TOV EAANVIKOV
amhotOnwv). To mopatnpodevo TPOTLTO YEVETIKNG cVGTAGNG TOV £100VG, TOCO GE TOTIKO
—€MMVIKO- 660 Kol VPOTATKO eminedo, PaiveTal vo, VIGYLEL TNV LTOBESN €VOG KOWVOL
KatapLuyiov onv A Mecoyeto kata v [TAeiotdkovo mepiodo yua ta dropa tov Ioviov Kot
tov Aryaiov [Tehdyoug.
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To popeoroyikd mpoOTLIO TV VO €OV dlepeuvninke pe ™ pEBodo g
YEOUETPIKNG HOPQOUETPIOG (TPWTOKOAAO POCIGUEVO GE OEKATEVTE OPOCT|UA) KO LE TN
GUYKPION EMTE LEPIOTIKMV YOPAKTNPOV. Avaueca ota 000 £l dev Ppédnkav evoldpecot
HOPPOTLTOL YEYOVOS TTOL VITOONAMVEL TATPYT] LOPPOUETPIKO SO M®PIGHO. ZVYKEKPIUEVA, TO
AmoTEAEGUATO, THG avaAvong £6e1&ay OTL To. dtopo Tov gidovg S. typhle giyav i) peyaddtepo
POYYOG, LEYOADTEPO KOPLO KO HIKPOTEPO OVPAio UiGYO Kat 1) TEPLEGOTEPOVS dAKTVAIONG
O0TO TUNAUO TOV CMOUOTOS TOLG TOL PpiokeTorl UmPOosTd amd TO poyloio TTEPVYLO Kot
MyoTEPOVG SOKTLAIOVG GTOV ovpaio picyo o€ oyéon pe to dropo tov S. abaster. H
TOPOTNPOVUEVT O10POPE GTO GYNLLOL TOV PYUYXOVG TOV dVO EWOMV THAVOV VoL 0OQEIAETAL GTN)
OLOPOPETIKN TPOPIKN OIKOAOYIOL TOVG. ZVYKEKPLUEVA TO UAKPD pOYYOG TV OTOU®V TOL S.
typhle umopei va cuvdéetan pe TNV Tpotiunon Tov €idovg 6€ ueydlo Kot ToEMG KIVOOUEVA,
Onpapata. AvtiBeta to pikpd poyyog tov S. abaster mbavotata oyetiletal pe mpotiunon
TOV €100V¢ o€ puKpov peyéboug Aeieg.

H avdlvon tov puAETIKOD dpop@iopod £0eiée 0Tt To. OnAvkd dropa Tov S. abaster
kot tov S. typhle giyav mo emiunkec kot moydTEPO POYYOG KOl KUPIWS KOPUO EVD Elyav
AemtoTEPO Ovpaio pHicyo oe oxéon pe ta apoevikd. To amotéleoua avtd Bo pmopovoe va
GLVOEETOL LE TO POLO TV VO PVUAMV TNV AVOTOPAY®OYIKN TEPL0d0. TuyKeKPIUEVa, KaBMG
Kot To 000 €101 EMOEIKVVOVY TTATPIKT KONOT), TO APCEVIKA ATOMO XPELALOVTOL HEYUADTEPO
ovpaio pioyo oe Gyéon pe To OMALKA Yo vaL KDOPOPTGOVY TOVG 0ToyOvoLg Tovg. Avtibeta,
ta. OnAvkd dtopa ypeldlovtal TEPIGGOTEPO YDPO GTN KOIWAOKY Teployn] (Kupiwg Kopuog)
Yoo vo Topdyovy Kot va omofnkedovv 660 Tt0 dvvotd mEPLGGOTEPA ovyd. TEAog 1
mapoTnpovpevn dpopd oto peyéBovg Tov plOyyog umopel va oxetiCetor pe TIg
OPOPETIKES SLATPOPIKEG GLVNBELEG TV VO PUAWMYV KATA TNV avamapaywytky Tepiodo.

To gvdoedikd pawvotumikd tpdtumo tov S. abaster kat tov S. typhle £de1&e 6Tt ko
Ta dVO €idN amoteloVvTay amd dV0 HOPEOUETPIKA O1akpltovs TANBLGHOVG: Tov Atyaiov
kot tov Toviov TTeddyovg. Avagopikd pe to €idoc S. typhle, ot popopeTpikd Stokpitég
ouddeg tov loviov kol tov Atyaiov €pyovion oe avtifeon pe To amoteAécpOTO NG
yevetikng avdivone. Kabdg ot poppopetpikol yopoktpeg eAEYYOVToL PEPIKMOG amd T
YEVETIKY] CVLGTOGCT, TO TOPATPOVUEVO HOPPOAOYIKO TTpdTLTO O pImopovoe va elval puo
TOTIKT] TTPOCAPLOYN OTIG OLOPOPETIKES TEPIPAALOVTIKES KO PLGIKOYNUIKEG CLVONKEG TOV
emkpatTovy oto [ovio kKo 6to Aryaio [Térayoc.

H popeopetpikry avaivon tov S. abaster £deiée 611 ta. dropa tov loviov giyav mo

AemMTO cOMO KO eMIUNKEG pUYYOG 6€ cVOykpion pe Tov Atyaiov Ileddyovg. O mAnBuopoc
tov loviov Ileldyovg ywpiloviav mepartépw o€ Tpelg dlakpité ouddes: 1) B. Iovio-
Katdxoro, i) Kotoyl- Koloypid ko iii) Neoympt (Apppokikdc Koinoc). Zvykekpiuéva,
T dropa amd v opdada Tov Kotvuyiov- Koddyprog kot g opddag tov Neoywpiov eiyav
MO EMUNKES COUO KOl TOXVTEPO KOPUO omd To. dtopo tng opddag tov B. Ioviov-
Koatdxoiov. Eniong, ta dtopa amd v opdda tov Kotuyiov- Karoypidg elyav peyaivtepn
KEPUAIKY| TTEPLOYT, MO EMIUNKEG PUYYOS KOl KUPLO KOPUO GE GUYKPION HE TO ATOUO TOV
vrdAommv opddmv. O minbucudg tov Aryaiov ITehdyovg KatnyoplomolovvIoy TEPUUTEP®
oe Tpelg dlakprtéc opddes: i) B.A. ko K. Aryaio, i) B.A. Awaio xou iii) N. Avyaio.
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2VYKEKPIUEVO, ATopo TNG opdoag Tov B.A. Atyaiov siyov peyoddtepn Ke@aAky| meployn,
UIKPOTEPO, KVUPLO COUO KOl AETTOTEPO OVPOIO LIGYO GE GUYKPION HE TO GTOUN TWOV
voéAO®Y dVo opddwv. Eniong, ta dropo amd v opdda N. Atyaiov elyov o emiunkeg
pOYYOG Kot TO Kupimg Kopud o€ cLYKPLoN e To dtopa tov B. Atryaiov.

To popeopetpikd mpdtvmo Tovg €idove (dlakprroi mAnBvopoi Idviov-Aryaiov)
CUUQMVEL L€ TOL OMOTEAEGLOTO, TNG YEVETIKNG avdAivong. Qo1dc0, 1 Opodomoinon 6Tto
eomtePKO ToV loviov Kot Tov Atyaiov dgv HTOV TOLTOCUN LE TIS OUAOES TOV TPOEKLYOLV
OTN 7YEVETIKN avdAvon Ttov &€ldovg. Aedopévov OTL Ol HOPPOUETPIKOL YOPOKTPES
EAEYYOVTOL LEPIKMG OO TN YEVETIKY] GVOTOGCT], TO TOPATIPOVUEVO LOPPOAOYIKO TPOTLTO
Bo pmopovoe vo OmOTEAEL TOTMIKY TPOCOPUOYN OTIC SLOPOPETIKES TEPIPAAAOVTIKES Kot
QULOIKOYNUIKES GVVONKEG TOL emKpatovV 610 [6vio kot oto Aryaio TTéAayog, OTmG Kot ot
nepintoon tov S. typhle. Tvykekpuéva, ot opddeg evtog tov loviov kot tov Atyaiov
AVTIGTOLYO0VCAV GE SLOPOPETIKOVG TUTTOVS OIKOGVGTNUAT®V.

H dwdikacio g moTpikng KONONG KoL 1] YEVETIKN OVOTAPOYDYIKY] CUUTEPLUPOPE
tov S. abaster kot S. typhle g&etdotnkav oe Kvopopobvta apoevikd dGtopo o omoia
oLAMEyTNKaY o610 otabud tov Apemdvov (B. Ioévio IIéhayog) ot0 mpdTO MIGO TNG
avomapay®ykng meptodov tov 2012. Ta kvopopovdvia apoevikd Kot TV V0 WOV
petapépniay oto epyactiplo Kot tomofetdnkav ce €0KA Stopopeopéva gvodpeio
péxpt va odokAnpwbel n dadwkocion TG KOMoMg kot vo amehevfep®GOVY OAOVG TOVG
aTtOYOVOLG TOVG.

‘Evteko kvo@opovvta opoevikd tov gidovg S. abaster kot tpio Tov S. typhle
vévvnoav vod gpyactnplokés cuvinkes. Katd m dudpkea g kdnong mapotnpnonkov
aALOYEG TNV LT KO GTNV ELPAVIOT] TOL EUPPLIKOD GAKOL TV VO EWOMV. ZVYKEKPIUEVQ,
0 guPpukOG GAKOG amd o GKOUTT OO TAPOUOIOL YPAOUATOS LE TO VITOAOITO GO
(apyucd otddor KONONG) YVOTOV MO HOANKOS KOl GKOLPOYPMUOG GTO TEAMKE GTASI0 TG
komong. Tnv nmuépa tov TOKETOV, Ol OPCEVIKOL YeEVVINTOPEG EUPAVILOV  pHElOUEV
KvNTKOTTo. Kol 0 eUPpuikdg 6dkog NTov ETOOC Vo avoi&el. X mAEoyneio Tovg ot
apoevikol yevwnropeg (aveEaptntog €idovg) amelevdépwooyv TOVg OmOYOVOLG TOVG TN
viyta 1 vopic t0 mpwi ce S1000YIKEG OTOPASIKES TOPTIOEG UE OMOTOUES KVLUOTIOTES
KIVNGES TOV oOpatdg Toug. O toketdg dwupkovoe mepimov 24 dpeg. Ot amdyovolr mov
anelevfepdvovioy NTOV TANP®G CYNUATICHEVOL Kot Epotalay oTo plue dtopo Kade
gldovg. Tvykekpuéva ot amndyovolr tov S. abaster (43 oamdyovol katd péco O6po ovd
yevwntopa) evtomilovtav cvvhfwg otov mubuéva tov evudpeiov, 0mov KoAvumovoav 1
kpvPovtav ot dupo (Pevbn coumepipopd). AviiBétmg, To veoyévvnta Gtopo Tovg S.
typhle (43 amdyovol katd péco 6po ava yevvintopa) evtomifovtay va, KOAUTOOV KOvVTa
oV emedveln Tov gvodpeiov (PBevBomehaykn cvunepipopd). To oAkd pnikog Kot Bépog
KaBdg kot 0 aplpog TV aKTivev Tov paylaiov TTepLYiov dEpepe PETOED TOV OTOYOVOV
Tov KABe gldovg. Emiong, mapatnpnnke ypopatikny dwofdduion petald tov anoyovov ond
pio eAaepLd amdypwon (avorytd TPAcIvo 1 KapE), GE Lo TO GKOTEWVY (GKOVPO TPAGIVO 1|
KaQE) N akoun Kot padpn. Qotdco, YEVIKE, 0eV KATAYPAPNKOV GTOTICTIKO GNUOVTIKESG
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GLGYETIGELS TOL OAMKOV HNKOVS, PBAPovg Kot TOv aplBpod TOV OKTiVeV Tov poyloiov
TTEPLVYIOV UE T YPOUATIKA TPOTVTO TOV OTOYOVOV.

Mo Vv ekTiunon G YEVETIKNG OVOTOPAYOYIKNG CLUUTEPLPOPES TV €80V S.
abaster ka1 S. typhle pelemnOnkoav ot pikpodopvpopikoi toémor S. abas3, S.abas4, S.abas7
kot S.abas9. Okt kvo@opovvTa apoevikd tov gidovg S. abaster, évo vwocHVOLO T®V
aroyovav Toug (N = 249) kot tprdvta tecodpa dropo (OnAvkd Kot apoevikd) and otadud
tov Apémovov yevotuminkav emtuydg o kdbe éva amd tovg Téooeplg tOmovg. H
TOTPOTNTA OAMV TOV amOYOVOV KAOE apceviKoD YEVVITOPO TIGTOTOMONKE e ¥P|OT TOL
hoyiopkd Colony Ta okt KLOPOPOVVTO, OPGEVIKA GTOMO TOL OVOADOMKOV O&yTnKay
CLUVOMKG oYl omd €KOGLOKT® OnAvkd. Xvykekpuyuévo o€ KABe apoevikd yevvitopa
evamofétovtay avyd amd tpia £mg 6L OnAvkd dtopa. O aptBuog Tov avydv Tov evarndbete
KaOe OAvKO 6TOV EUPPLIKO GAKO TOV OPCEVIKOD KLHOVOVTAY amd £V £MG EIKOCITECTEPOL.
Meta&h tov anoyéveov tov INAukev yevwntop®V OTOTICTIKA ONUOVTIKES JlPOPES
TapoTNPNONKAV GTO OAKO UIKOG KOl TOV aplBid TV OKTiVeV TOV paylaiov mtepuyiov.

Tpio kKvoeopodvta apcevikd Tov gidovg S. typhle, éva vrochvoro TV amoyovov
toug (N = 78) ko dekaokTd dtopa (Inivkd kot apoevikd) and ctabud tov Apémavov
yevotumnOnKav emtuydc oe KABe éva amd TOVg TEGGEPLS LKPOSOPLEOPLKOVS TOmovg. H
TaTpOTNTA OA®V TV amoyOveVv Kdbe apoevikol yevvitopa TGTOmOMONKE LE YP1oN TOV
hoyiopikd Colony. To tpio. KLOEOPOVVTA GPCEVIKA GTONO 7OV OvaAVONKaY dEyTnKaY
GLUVOMKE avyd omd emntd OnAvkd. Avo amd ta Tpion apoevikd OEyTnKov avyd omd
TEPLOCOTEPO TOV €VOG ONAVKA (G Ko Tpiat), evd €va apoevikd Elafe avyd povo amd éva
Onivko. O apBudc tov avymv mov evamdbete kabe OnAvkd otov guPpuikd cdxo tov
apceVIKOD Kupaivoviav and éva ¢ €1Koot evvid. ATO 1o AMOTEAEGUATO TNG TAPOVGAG
HeEAETNG dgv mPOoKVLTTOLY ONAVvKOL YEVWNTOPEG TTOVL VA £Y0LV evaToBEGEL TaL avYd TOVG GE
TEPLGGOTEPO TOV EVOC OPGEVIKAL.

[ vo cuykpdei to popporoyikd mpdtumo TV veoyévwntov atdéunv (1™ nuépac)
tov eWdav S. abaster kou S. typhle avoAdbnkav 278 wkor 92 dtopo and kdbe eidog
avtioctorya. To YE®UETPIKO HOPPOUETPIKO TPMOTOKOALO TOV EPOPUOCTNKE MTAV 1010 LE
aVTO TOL YPNCOTOMONKE GTN HOPPOUETPIKT AVAALGT TV EVIAIK®OV aTOH®mV TV 000
ewav. H Tpappun Awyopiotiky Avaivon (LDA). €dei&e o 6TaTIioTikd onUovVTIKY
OlPOPOTTOINGT TV VEOYEVVITOV OTOU®MV ToV 000 £W®V, To 0moio. dNUIovpYyoLV VLo
drakpitég ouddec: 1) to €idog S. typhle ko ii) To €idog S. abaster. Tvykekpuéva o, dTopa
tov gidovug S. typhle giyav o emiunkeg poyyog, pokpdoTeEVO KOPLo Kopud, EVM 0 0VPOIog
TOVG pioyog Ntav HkpOTEPOG o€ ovykplon pe tov S. abaster. Ov dopopéc ovTég
GLUEMOVOVV KOl LLE TO LOPPOUETPIKA YOPUKTNPLOTIKA OV dtoywpilovy Tor P ATOLOL
TV OV0 €10MV. To YEYOVAC OTL 01 LOPPOUETPIKEG SLOPOPES TOV EVAMK®OV ATOU®OV TOV S.
abaster kot S. typhle eivar aviyvedoueg akopa Kol 6To veoyévvnta Gtopa, SNAOVeEL OTL
amoOyovol TV 000 WMV KATA TNV oneAevdiépmon Tovg amd Tov guPpuikd cdko eival
TANPOG OVETTUYUEVA ATOO T OO0 TOPOVGLALOVV GTEVI OLOLOTNTO LLE TOL EVIJALKOL GLTOLLOL
TOV €100Vg TOLG,.
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Ev xotok)eidl, n ovykpitiki] peEAETN TV dvo vrd e&étacm €MV QOVEPMOE
opolOTNTEC Ko dlopopéc. Tyetikd pe ™ Proroyio twv S. abaster kot S. typhle, kot o 600
gldn €povv onuovpynoet oto B. Iovio edparwpévovg mANOBLOHOLG HE  EKTETOUEVN
avamopoywywkn mepiodo. H  peAétn TG YEVETIKN  OVOTOPOY®YIKY]  GLUTEPLPOPA
emPePainoe Tov TOAYOVAVIPO yapakTApa Tov S. abaster kot eovépwoe Tov HeYOADTEPO
apBpd INAokodv yevwntdépwv mov £xel Kotaypagel otig péypt topa peréteg. O moAvyvvog
yapoaktipag tov S. typhle ypnlet mepetaipo emPePaioon pe perét peyaddtepov apifuov
apGEVIK®OV YEVVNTOP®V. O1 PLAOYEVETIKES OYEGELS KO TO LOPPOUETPIKO TPOHTLTTO T®V dVO
€MV NTaV TANPOS SOKPLTA YEYOVOS TOV POVEPMVEL OTOVGIO PAVOUEVOL VRPLOIGHOYD.
[Mapora avtd ta 600 €idn Tapovsiacay daeopetikd Pabud yevetikng doung. To yeyovog
aVTO POVEPMOVEL TNV EMIOPAOT| 1GTOPIK®OV (TEPIPAALOVTIKA Kol VOPOYEDMAOYIKA QPAVOLEVQL
mov Owdpapatiotkoay ot Ilieotokovo mePiodo) Kot Mo  cvyypovev (oTotyeio
BloAoyiag) emppodv 6to Paburd S10popomoinoNg TV dVO EWMV.
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Chapter 1. General introduction
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1.1. Biology of syngnathids

1.1.1. Life history traits of syngnathids

Marine shallow coastal ecosystems are highly productive and susceptible to
seasonal changes and physical disturbance (Planes et al. 2000; De Raedemaecker et al.
2010). In these habitats, numerous species seek food (Ornellas and Coutinho 1998; Hindell
et al. 2000; Kendrick and Hyndes 2005) and sheltered reproductive/nursery grounds
(Juveniles of several migratory species), while only few are resident (Garcia-Rubies and
Macpherson 1995; Nagelkerken et al.1 2000; Cocheret de la Moriniére et al. 2002; Lloret
et al. 2002). The latter are usually characterized by small size (e.g. Atherina boyeri and
Aphanius fasciatus), short life cycle (e.g. A. boyeri and A. fasciatus), one or few
reproductive seasons (e.g. A. fasciatus, Syngnathus abaster), and increased parental care
(Pomatoschistus minutus, S. abaster and Syngnathus typhle). (Leonardos and Sinis 1999;
2000; Lindstrom and Hellstrom 1993; Vincent et al. 1995).

Seahorses (genus Hippocampus), pipefishes (e.g. genera Syngnathus and Nerophis),
seadragons (Phycodurus eques, Phyllopteryx taeniolatus) and pipehorses (e.g. genus
Solegnathus) (Figure 1.1) are members of the family of Syngnathidae and are typical
resident species of temperate and tropical marine, freshwater and brackish shallow coastal
ecosystems across the world (Pollard 1984; Hindell et al. 2000; Kendrick and Hyndes
2005). Despite their worldwide distributional range, they are generally associated with sea
grass beds (Erzini et al. 2002), which provide them with a sheltered environment to live
and reproduce (Teixeira and Vieira 1995; Vincent et al. 1995). Some syngnathids are
abundant in many habitat types, whereas other species are associated only with specialized
ones (Foster and Vincent 2004). Their greatest diversity occurs in the Indo-Pacific where
most of the known species are found (Dawson 1986). Shokri et al. (2009) has provided
evidence of “a spatial correlation between the presence of syngnathids and other fish taxa
in littoral seagrass habitats and thus their utility as flagship species”.

Syngnathids exhibit a high diversity of morphological forms (size, body shape,
color pattern, ornaments, body posture, fin arrangement and snout phenotype), but are
generally characterized by elongated snouts, fused jaws, absence of pelvic fins and thick
plates of bony armor covering their bodies (Dawson 1986; McEachran and Fechhelm
1998; Lourie et al. 1999). The armor provides protection against predator but also reduces
the swimming ability and thus the dispersal ability of all members of the family. In
temperate waters during winter months- once the shallow-water vegetation dies- species
migrate into deeper waters (Lazzari and Able 1990; Franzoi et al. 1993; Teixeira 1995;
Bolland and Boeticher 2005).

18



Figure 1.1. Members of the family of
Syngnathidae: a) seadragon, b)
pipefish, c) seahorse, d) pipehorse.
Ewova 1.1. MéAn g owkoyévelag tov
Svyvabidmv a) Boldootog dpakog, b)
cakopdpa, C€)  ummokapmog,  d)
TAWVIOLOPPOG ITTOKALUITOG,

Their lifespan ranges from one to five years, even though recent studies have
indicated that in some species this may reach up to seven or eight years (Franzoi et al.
1993; Lockyear et al. 1997; Barrows et al. 2009; Miersch 2012). In most studies, age
estimates derive from length frequency distribution and most recently, from otolith
examinations (Campbell and Able 1998, Barrows et al. 2009, Bolland and Boeticher 2005,
Miersch 2012). During the first months of their life, syngnathids exhibit a rapid growth
rate, which slows down after sexual maturity (Fritzsche 1980; Woods 2005). Male growth
is negligible during brood incubation, creating a trade-off between maturation time and
adult body size (Svensson 1988). Syngntahids’ growth depends on temperature (James and
Woods 2001, Takahashi et al. 2003) while mortality declines as body size increases
(Houde 1997, Sanchez-Camara et al. 2005). Juveniles are facing the highest mortality rates
probably due to predation by many fish (even by adult syngnathids) and invertebrates
(Franzoi et al. 1993; Miersch 2012).

Syngnathids may reproduce all year long (Barrows et al. 2009; Ishihara and
Tachihara 2009) or have a well-defined period ranging from three to nine months (all year
long except for winter months) depending on water temperature and latitude (Campbell
and Able 1998; Lyons and Dunne 2003; Takahashi et al. 2003; Foster and Vincent 2004;
Bolland and Boeticher 2005). In the latter case, northern populations have a shorter mating
and brooding season than southern ones (Campbell and Able 1998). Prior to mating, most
species are engaged in an elaborate courtship behavior that includes a prenuptial dance
(Vincent et al. 1995; Silva et al. 2006b). The brood size and the size of the young vary
among species (e.g. Teixeira 1995; Franzoi et al. 1993; Silva et al. 2006a). Hippocampus
ingens species have the largest brood clutches recorded so far (up to 2000 embryos)
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(Woods 2005). However, typical brood size of most syngnathids is much smaller (around
200 embryos) (Foster and Vincent 2004; Sanchez-Camara et al. 2005; Woods 2005;
Ishihara and Tachihara 2009).

The population structure of syngnathids may compose of equally sized males and
females in similar ratios —seahorses-, to sexually sized dimorphic individuals with biased
sex ratio —pipefishes (Steffe et al. 1989; Franzoi et al. 1993; Curtis and Vincent 2006;
Barrows et al. 2009). In the latter case, the population is usually female biased (Franzoi et
al. 1993; Bolland and Boeticher 2005; Monteiro et al. 2006; Barrows et al. 2009).

The feeding ecology of syngnathids is, also, well studied. Syngnathids as ambush
predators stay still, while waiting for their prey to approach their mouth (Muller 1987;
Foster and Vincent 2004; Leysen 2011). Expansion of their snout generates a fast water
flow that carries the prey into the mouth- pivot feeding strategy (de Lussanet and Muller
2007). They are known to consume mainly nematodes and small crustaceans such as
amphipods and copepods (Foster and Vincent 2004; Kendrick and Hyndes 2005; Castro et
al. 2008). In some species ontogenetic changes in feeding habits occur, concerning the
type, proportion and size of prey. For example in Syngnathus typhle, diet changes
progressively from Copepods to Mysidacea and to small size Caridea and Gobiidae as
body size grows (Franzoi et al. 1993; Kendrick and Hyndes 2005; Oliveira et al. 2007). On
the contrary, other species, such as Syngnathus abaster and Syngnathus acus, demonstrate
moderate diet succession with a preference on small-sized copepods hidden in the
vegetation (Franzoi et al. 2004).

However, the biological characteristics that have drawn most attention on
syngnathids over the last decades are male pregnancy, sex role reversal and their complex
mating system (e.g. Vincent et al. 1995; Monteiro et al. 2002; Silva et al. 2006a;
Rosengvist and Berglund 2011). These characteristics are the main core of the present
thesis and are analyzed in the following pages.

1.1.2. Male pregnancy and parental care of syngnathids

Male pregnancy is probably the most interesting aspect of syngnathids biology.
Females deposit their eggs on a ventral incubating structure either on the tail (Urophori) or
the trunk (Gastrophori) of the male body. The complexity of this structure varies (Herald
1959; Wilson et al. 2001) and eggs can be placed in a:

e brooding area, where they are completely unprotected (genera Nerophis and
Entelurus),

e brooding area separated by compartments formed by membranous inner folds
(genera Solegnathus and Doryrhamphus),

e structured pouch where they are protected by pouch plates (extension of body
plates) (genus Oostethus),
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e structured pouch where they are partially or fully protected by fleshy bilateral folds
(genus Syngnathus),

e completely enclosed pouch, which opens through a slit or pore when the offspring
are released (genus Hippocampus).

The development of the syngnathid brood pouch could have its roots in the parental
care of Gasterosteidae which build nests and guard their offspring (Baylis 1981; Wilson et
al. 2001). However, within their nests, Gasterosteoids eggs are threatened by predation and
sneaky males who aim to fertilize them (Wootton 1984). Under these circumstances of
high nest predation, males of a hypothetical pre-pipefish ancestor may have attached some
eggs onto themselves, thereby securing the survival of at least a few young (Baylis 1981;
Wilson et al. 2001). This response may have been a primitive form of brood pouch
(Berglund and Rosenvist 2013). Its evolution (from simple to complex forms) in
syngnathids presumably worked as a “safety net” against their enemies, increasing their
reproductive success and ensuring males that they are the true fathers of their offspring
(Jones and Avise 1997; Jones et al. 1999; McCoy et al. 2001). Seahorses have the most
complex pouch structure and are subjected to the most significant physiological changes
during embryo incubation (Foster and Vincent 2004).

Although the physiology of the syngnathids brood pouch has been the subject of
many studies, many disputes exist on its function (e.g. Carcupino et al. 1997; Wilson et al.
2001; Paczolt and Jones 2010). In both Urophori and Gastrophori, females transfer their
yolk-rich eggs (Foster and Vincent 2004) to male pouch and fertilization is achieved
during egg transfer (Watanabe et al. 2000; VanLook et al. 2007). The enclosed brood
pouch seals off the eggs and the embryos from external conditions (Svensson 1988).

In species with complex structure, the fundamental changes in the morphology of
the pouch during egg incubation clearly indicate that its role is far more than mere
protection (Carcupino et al. 2002). For instance, in the pouch of several pipefish species,
mitochondrial-rich cells (MR) have been identified during and shortly after incubation
(Carcupino et al. 2002; Watanabe et al. 1999). MRs play an important role in adult fish
osmoregulation (Carcupino et al. 1997; Partridge et al. 2007; Ripley and Foran 2009).
Moreover, the blood vessels in the connective tissue of the pouch increase after
implantation and gestation enabling males to oxygenate the embryos. (Carcupino et al.
2002; Stolting and Wilson 2007; Ripley et al. 2010). Also, important nutrients for the
growth of the embryos are believed to be transported through the brood pouch (Partridge et
al. 2007; Paczolt and Jones 2010; Sagebakken et al. 2010). Finally, parents contribute
calcium to their embryos via the brood pouch, thus assisting in the skeletal development of
their offspring (Linton and Soloff 1964; Carcupino et al. 2002). Carcupino et al. (2002)
showed that “the interactions between male body and the developing embryos are inversely
proportional to the degree of egg exposure to the external environment and directly
proportional to the anatomical complexity of the pouch”.
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During parturition as the embryos are released the pseudo-placenta is detached, too.
The released offspring assume position in the water column and fathers are no longer
responsible for them (Ripley and Foran 2006). The brood pouch returns to the non-
reproductive state once the reproductive period is over (Laksanawimol et al. 2006).

Finally, as already mentioned, the degree of exposure to ambient water and parental
care are negatively correlated. Thus, offspring released from marsupium lacking species
are smaller, less developed and undergo a larval stage compared to the fully formed
offspring of the more evolved pouch type (Monteiro et al. 2003, Silva et al. 2006a).

1.1.3. Sex role reversal of syngnathids

Syngnathids are among the most studied organisms in the light of sexual selection
and sex role patterns (Berglund et al. 1986; Steffe et al. 1989; Berglund 1991; Vincent et
al. 1992). In some syngnathid species, sex-role patterns have been evaluated directly by
estimating the bias in the operational sex ratio (OSR)* or the potential reproductive rate of
males versus females (PRR)? (Vincent et al. 1992; Masonjones and Lewis 2000). At the
same time, qualitative traits i.e. the degree of secondary sexual traits can be indirect
evidence on the force of sexual selection (Berglund et al. 1996; Monteiro et al. 2002). In
such case, the brighter colored gender is the one towards which operational sex ratio will
lean to (Clutton-Brock and Vincent 1991).

The occurrence of male parental care has long misled the scientific community into
thinking that all syngnathid species are sex-role reversed (Trivers 1972, 1985). However,
recent studies indicate that, although paternal care is evident in all syngnathids, either sex
may compete for mates. Hence, not all syngnathids are sex-role reversed (Vincent et al.
1992). Most pipefishes (Syngnathus sp. and Nerophis sp.) are sex role reversed, while
seahorses exhibit conventional patterns (Vincent et al. 1992). Among the two species of
seadragons both reversed and traditional patterns are observed (Wilson et al. 2003;
Sanchez-Camara et al. 2005). Pipehorses are the least studied group, leaving no room for
deduction and generalizations (Takahashi et al. 2003).

The intensity of sexual selection differs among pipefish, as it is implied by the
degree of sexual dimorphism (Berglund et al 1986). For example, as regards the two sex-
role reversed species Nerophis ophidion and Syngnathus typhle, the former’s females are
more active in courtship, are much larger than males and have evolved sexual
characteristics consisting of a permanent blue coloring along their sides and a ventral skin

' OSR is the ratio of sexually competing males that are ready to mate to sexually competing females that are
ready to mate.
> PRR is the maximum number of independent offspring that parents can produce per unit time
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fold that develops during the breeding season and enlarge the female's appearance
(Berglund et al. 1986). On the other hand, in S. typhle species, the two sexes are more
similar in size and equally active during courtship while females display only a temporary
color pattern (Berglund et al. 1986).

Sex role reversal arose independently from the degree of brood pouch development
or parental care (Berglund et al. 1986; Vincent et al. 1992; Wilson et al. 2001; 2003;
Berglund and Rosengvist 2003). This is verified by the fact that, even though N. ophidion
has a simple pouch it exhibits sex role reversed patterns. At the same time seahorses
exhibit conditional sex roles, despite the more complicated pouch (Vincent et al. 1994;
Berglund and Rosengist 2003).

The factor mostly affecting sex role reversal and sexual selection in syngnathids is
water temperature. Since water temperature is negatively correlated to latitude, male
pipefish inhabiting colder waters are expected to exhibit a higher degree of selectivity in
their choice of mates, while female-female competition grows stronger (Ahnesjo 1995;
Rispoli and Wilson 2008; Mobley and Jones 2009).

1.1.4. Genetic mating system of syngnathids

As already mentioned syngnathids may exhibit conventional or reversed sex roles
and court with only one partner (social monogamy) or multiple partners (social polygamy)
(e.g. Vincent et al. 1995; Avise et al. 2002; Silva et al. 2006b). Vincent et al. (1992) and
Wilson et al. (2003) showed an association between the mating and the sex role patterns in
this family: “polygamous species are sex role reversed, whereas monogamous species
show conventional sex roles” (Figure 1.2). However, mating patterns and sexual selection
are uncorrelated to pouch complexity (Avise et al. 2002; Wilson et al. 2003) (Figure 1.3).

Studies on the genetic mating system of Syngnathus sp. have revealed diverse
patterns from extreme polyandry accompanied with strongly sexual dimorphism
(Syngnathus scovelli), to polygynandry with intermediate levels of sexual dimorphism
(Syngnathus abaster, Syngnathus typhle and Syngnathus floridae) (Jones and Avise 1997,
2001; Jones et al. 1999; Jones and Avise 2001; Mobley and Jones 2007; Hubner et al.
2013). On the contrary, all species of Hippocampus so far examined, appear to be
monogamous (Jones et al. 1998, Kvarnemo et al. 2000, Wilson and Martin-Smith 2007)
and often maintain long-term pair bonds during the same (Kvarnemo et al. 2000) or
consecutive (Harasti et al. 2012) breeding seasons.

Differences in mating patterns and intensity of sexual selection exist across
different populations due to differences in demography (Mobley and Jones 2007; Rispoli
and Wilson 2008), temperature (Rispoli and Wilson 2008; Mobley and Jones 2007, 2009;
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Wilson 2009; Monteiro and Lyons 2012) or habitat (Mobley and Jones 2009). However, in
most cases the mating system is described only in one population from each species.

General intensity of sexual selection

Weakor

Strong variable

Weak Strong

Polyandry Polygyandrous Monogamy Polygyny

r’ N D
39|39
SHP || C—9

oA le—9

\. /

Either or
Meither

Naither Males

Famales

Gender in which secondary sexual traits are most like to elaborated

Figure 1.2.Different mating systems found in wild populations. The possible theoretical relation
between mating systems and the intensity of sexual selection is shown (on the top), together with
which sex is most likely to have elaborated secondary sexual characters (on the bottom);
(Continued lines, mating partners producing offspring; dotted lines excluded individuals) (after
Cunha 2012).

Ewova 1.2. TOmol avoamapayoyikng copmeptoopdc. H évtaon tng oe&ovalikng emloyng o€ kdbe
TOTO VIOSEIKVIETOL GTO TAV® TUNLO TNG EKOVOG. XTO KAT® TUNIO DTOSEIKVVETAL TO GVAO GTO
omoio gupavifovtot o &vtova To 0eVTEPOYEVT] GEEOVOAKE YOPOKTNPLOTIKA (2DVEYOUEVES YPOUUES,
mOovoil GuVOLOCUOL TOV ATOU®V GE KAOE TOTO GUGTANATOC, ALAKEKOUUEVES YPOLULES, CUVOVAGHOT
nov amokAgiovtar) (cOuewva pe Cunha 2012).
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Figure 1.3. Relationship of brood pouch complexity with a) sex role and (b) mating patterns in the

family of Syngnathidae (after Wilson et al. 2003).
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1.2. Phylogenetic relationships of syngnathids

1.2.1. The family of Syngnathidae

The family of Syngnathidae belongs to the order of Syngnathiformes. The
evolutionary history of this order is under debate due to the high morphological diversity
of its members (e.g. Orr 1995; Keivany and Nelson 2006; Wilson and Orr 2011).
Molecular studies attempted to resolve this problem but there are still missing parts of the
puzzle (e.g. Chen et al. 2003; Kawahara et al. 2008; Li et al. 2009). Nevertheless, both
morphological and molecular studies showed that the family of Solenostomidae (ghost
pipefishes) is the sister group of the Syngnathidae and Pegasidae (seamoths) (Wilson and
Rouse 2010; Wilson and Orr 2011). The fact that both gost pipefishes and seamoths exhibit
parental care (Herold and Clark 1993; Orr and Fritzsche 1993; Sado and Kimura 2006)
indicates that the brooding trait may have preexisted male pregnancy (Wilson and Orr
2011).

Even though the order’s phylogenetic analysis is ambiguous, the evolutionary
relationships within syngnathids are (or at least thought to be) more clear (Wilson and
Rouse 2010; Wilson and Orr 2011). The family consists of four subfamilies;
Doryrhampinae, Nerophinae, Hippocampinae and Syngnathinae (Kaup 1856, according to
Nelson 2006). The location and complexity of the male brood pouch further separates
syngnathids into Gastrophori (abdominal-bearing) and Urophori (tail-bearing) (Duncker
1912; 1915, according to Wilson et al. 2001) and played a key role in the evolutionary
history of the family (Herald 1959, Wilson et al. 2001).

The segregation of syngnathids into Gastrophori and Urophori occurred early in the
evolution of the family (Herald 1959, Wilson et al. 2001). Both lineages evolved
independently, with remarkable increase in pouch complexity observed in contemporary
species (Wilson et al. 2001; 2003). The results of the genetic analysis are also supported by
the karyotypic study of Viturri et al. (1998) who proposed total-genome duplication in the
Gastrophori lineage. However, two phylogenetic analyses- including a wider variety of
species- have questioned the validity of the family taxonomy and the Urophori and
Gastrophori separation (Lourie and Randall 2003; Wilson and Rouse 2010). Therefore, it is
obvious that a deeper level phylogenetic study is needed in order to shed light and settle
the dispute about the taxonomy of the family of Syngnathidae.

26



1.2.2. Pipefishes and seahorses

As already mentioned, the two most proliferate and well-studied genera in the
family of Syngnathidae are Syngnathus (common name pipefish) (e.g. Mobley and Jones
2007; Wilson and Veraguth 2010; Sanna et al. 2013a; Mwale et al. 2013) and
Hippocampus (common name seahorse) (Casey et al. 2004; Teske et al. 2004; 2007,
Woodall et al. 2011).

The cosmopolitan Syngnathus genus (found in marine, freshwater and estuarine
habitats all over the world) has a Pacific origin (Wilson et al. 2001). The two most basal
lineages in the Syngnathus phylogeny, Syngnathus exilis and Syngnathus leptorhynchus are
restricted to the Eastern Pacific (coast of North America). The rest of the species are
divided into three major clades: a) the Atlantic coast group (Syngnathus fuscus and
Syngnathus scovelli), b) the Atlantic coast and Caribbean group and c) the western Pacific
(Syngnathus schlegeli) and the European pipefishes (Wilson et al. 2001). Seahorses have
an Australasian (Indo-Pacific) origin as the most basal (Hippocampus abdominalis) and
second most basal (Hippocampus breviceps) lineages occur in the Indo-West Pacific and in
Australia respectively (Casey et al. 2004; Teske et al. 2004). According to the most
dominant hypothesis, the main group of seahorses is classified into three major clades, two
with Indo-Pacific affinities and one with a circumglobal distribution (Teske et al. 2004;
Wilson and Orr 2011).
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1.3. Syngnathids along the European coastline

The European coastline is highly diverse as it consists of two oceanic (Arctic and
Eastern Atlantic Ocean) and five marine ecosystems (Baltic, North, Mediterranean, Black
and Caspian Seas). The last major event that caused dramatic shifts on the European
coastline and shaped its population structure was the repeated glacial— interglacial cycles
of the Pleistocene period (Svendsen et al. 2004). The northern and central coasts were
severely affected as they were fully glaciated (Bjork 1995; Lambeck 1995). Even though
southern Europe remained unglaciated, its coastline retreated and Mediterranean and Black
Sea were separated (Mudie et al. 2002). The reconnection of the two seas affected and
shaped the local biodiversity (Mudie et al. 2002; Ryan et al. 2003).

The bony armor that covers the body of the syngnathids makes them resilient to
temperature, salinity and other major environmental fluctuations (Hilomen-Garcia et al.
2003; Wilson and Veraguth 2010). Therefore as revealed by fossil records and genetic
analyses, syngnathids persisted both the Messinian salinity crisis and the Pleistocene
glaciation (Wilson and Veraguth 2010; Alaya et al. 2011; Sanna et al. 2013a; Woodall et
al. 2011). To endure such major events syngnathids took refugium in protected areas and
then recolonized old and new habitats (Lourie and Vincent 2004; Wilson and Veraguth
2010; Alaya et al. 2011; Sanna et al. 2013a; Woodall et al. 2011).

In the present, there are 16 species of the family of Syngnathidae across the
European coastline (Figure 1.4) (Dawson 1986): Entelurus aequoraeus (Linnaeus 1758),
Hippocampus hippocampus (Linnaeus 1758), Hippocampus guttulatus Curvier 1829,
Minyichthys sentus Dawson 1982, Nerophis lumbriciformis (Jenyns 1835), Nerophis
maculatus Rafinesque 1810, Nerophis ophidion (Linnaeus 1758), Syngnathus abaster
Risso 1826, Syngnathus acus (Linnaeus 1758), Syngnathus phlegon Risso 1826,
Syngnathus rostellatus Nilsson 1855, Syngnathus schmidti Popov 1928, Syngnathus
taenionutus Canestrini 1871, Syngnathus tenuirostris Rathke 1837, Syngnathus typhle
Linnaeus 1758, Syngnathus variegatus Palas 1811. Three of the European syngnathids
occur only in the W. Atlantic coastline (E. aequoraeus, N. lumbriciformis, S. rostellatus),
two in the Black and Azov Seas (S. schmidti, S. variegatus), while the rest of the species
are also present in the Mediterranean Sea. The two seahorse species (H. hippocampus and
H. guttulatus) are listed in Appendix Il of the Bern Convention, while many of the rest of
the species are listed in the Annex Il of the Directive 92/43/EE in a local level. Most of the
syngnathids are listed as “Data Deficient” on the IUCN Red List, while seahorses as
“Vulnerable” or “Endangered”.

Research teams all over Europe are working on the biology and phylogenetic
relationships of syngnathids. Ambient water temperature, latitude and type of vegetation
are considered the main factors influencing their biology. In fact, the above factors have
been found to cause major deviations in the intensity of sexual selection, population
structure, growth, mating system and reproductive biology between northern and southern
populations (e.g. Vincent et al. 1994; Franzoi et al. 1993; Silva et al. 2009, 2010; Malavasi
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et al. 2007; Rispoli and Wilson 2008). Phylogeographic studies have explored the
population structure of European pipefish and seahorses throughout their distributional
range (European Coastline from North to the Black Sea) (Hablutzel 2009; Woodall et al.
2011; Wilson and Veraguth 2010; Sanna et al. 2013a). Three major breaks were found,
which are in accordance with the biogeography of the European coastline: a) the Gulf of
Biscay separates northern and Atlantic coast populations, b) the Gates of Gibraltar separate
Atlantic and Mediterranean populations and c) the Straits of Sicily and Adriatic Sea divide
Mediterranean Sea to western and eastern groups (Wilson and Veraguth 2010; Woodal et
al 2011). At the same time, morphometric studies show a high plasticity of body shape
among continuously distributed inshore populations (Hablutzel 2009; Sanna et al 2013a).

However, most of the existing studies focus on the northern and Atlantic coast
populations (e.g. Berglund 1986; Vincent et al. 1994, 1995; Silva et al. 2006b; Sundin
2013; Hubner et al. 2013) and less on the Mediterranean (e.g. Franzoi et al. 1993; Riccato
et al. 2003; Alaya et al. 2011; Sanna et al. 2013a).
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Figure 1.4. Distribution maps of the most abundant European species of the family of
Syngnathidae showing the relative probabilities of the species occurrence along the European
coastline (E., genus Entelurus; H., genus Hippocampus; N., genus Nerophis; S., genus Syngnathus)
(modified after www.fishbase.org).
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axtoypoupng (E., yévog Entelurus; H., yévog Hippocampus ; N., yévog Nerophis; S., yévog
Syngnathus) (tporomomuévog and www.fishbase.org)
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1.4. Syngnathids along the coastline of Greece

1.4.1. Syngnathid species

Due to the high degree of vegetation along the Greek coastline nine syngnathid
species occur sympatrically: Hippocampus hippocampus, Hippocampus guttulatus,
Nerophis ophidion, Syngnathus abaster, Syngnathus acus, Syngnathus phlegon,
Syngnathus typhle, Syngnathus taenionutus, and Syngnathus tenuirostris. The first seven
were described by Dawson (1986). Papakonstantinou (1988) recorded S. taenionutus
whereas Economidis and Bauchot (1976) recorded S. tenuirostris species.

Studies on the biology of these species in the lonian and the Aegean Sea are rare
(Gurkan and Taskavak 2007; Kitsos et al. 2008; Gurkan et al. 2009, Pdupog kot cuv.
2013), while most references are results of bycatch (Koutrakis et al. 2000; Koutrakis and
Tsikliras 2003; Liousia et al. 2012; Agydkig kot Mapaykod 2009). Also, despite the fact
that the existing phylogenetic studies tried to cover the species full distributional range,
sampling regions are lacking in the Eastern Mediterranean part. More specifically, they
have sampled populations from: i) only one region in the Aegean Sea and none in the
lonian (Woodall et al. 2011) or ii) none at all, with their sampling range stopping at the
Adriatic Sea and continuing at the Sea of Marmara (Wilson and Veraguth 2010; Sanna et
al. 2013a).

1.4.2. Greek coastline and paleogeography

Greece is situated in the E. Mediterranean region in the Balkan Peninsula. It is
surrounded by the lonian and Aegean Seas. The coastline is around 15.000 km long
(Coastal Guide Country File Greece 2001) and exhibits a wide variety of ecosystems
between and within the Seas (e.g. from rocky to muddy substratum, vegetated to
unvegetated, oligotrophic to eutrophic basins etc.) (Stergiou et al. 1997; Coll et al. 2010).

As already mentioned syngnathid species are highly associated to vegetation
(Teixeira and Vieira 1995; Vincent et al. 1995; Erzini et al. 2002). Seagrass occupies
extensive areas of the Greek coastline (Lipkin et al. 2003). The little Neptune grass
Cymodocea nodoca Ascherson 1870 (Figure 1.5a) appears both in shallow and deeper
waters mostly at sheltered and to a less extent at exposed to winds and waves beaches. It is
found both on sandy and muddy bottoms (Lipkin et al. 2003). The Neptune grass or
Mediterranean tapeweed Posidonia oceanica (L.) Delile (Figure 1.5b) is found both in
shallow and deeper waters on sandy bottoms (up to 35-40 m) (Lipkin et al. 2003). It is an
endemic species to the Mediterranean Sea protected by the Habitat Directive 92/43/EU
(Annex 1), included in the reference list of priority habitats of the SPA/BIO Protocol of
Barcelona Convention and in the Water Framework Directive 2000/60/EU as a biological
indicator of the ecological status of the Mediterranean marine ecosystems.
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Figure 1.5. Types of seagrass associated with the presence of Syngnathid species along the Greek
coastline a) Cymodocea nodoca b) Posidonia oceanica (after www.wikipedia.og).

Ewéva 1.5. Tomotr vdpofrog PAASTNONG KATH KOG TG EAANVIKNIG OKTOYPOUUNG TOV GUVOEOVTOL
ue T mopovoio ueh®dv g owkoyévewng tov Xvyvodidav a) Cymodocea nodoca b) Posidonia
oceanica (omd6 www.wikipedia.org)

The Greek Sea is composed of two major biogeographical zones -lonian and
Aegean Sea- which were mostly formed during the Pleistocene events and the subsequent
reconnection of Mediterranean Sea to the Marmara and Black Sea (Bianchi et al. 2012).

Particularly, during the Pleistocene period, the levels of the lonian Sea retreated
(though to a moderate extent in comparison to the Aegean, Perissoratis and Conispoliatis
2003). Most islands were connected with each other and with the mainland, forming lakes.
The coastline of W. Greece was up to 10 km offshore, while the coast of W. Peloponesus
5-8 km (Perissoratis and Conispoliatis 2003). Also, Korinthiakos and Amvrakikos Gulf
formed two lakes (Papatheodorou et al. 1993; Perissoratis et al. 2000; Perissoratis and
Conispoliatis 2003).

The palaeomorphology of the Aegean Sea was formed during the Middle-Upper
Pleistocene period (Lykousis 2009). During that period, the sea surface was restricted, and
more than half of the present Sea was exposed to subaerial conditions (Lykousis 2009). In
the northern and central sectors, extended plains and small lakes were formed, while the
islands of Thasos and Samothrace formed high mountain ranges (Perissoratis and Van
Andel 1991; Lykousis et al. 1995; Perissoratis and Conispoliatis 2003; Lykousis 2009). At
the same time, the riverine systems of the N. Balkan and E. Anatolia were discharged to
the North Aegean, while the Dardanelles were cut off (Stanley and Blanpied 1980,
Lykousis 2009). On the other hand, the Southern Aegean remained more unaffected,
because of the steep coastal cliffs (Perissoratis and Conispoliatis 2003).

When the sea levels started to rise again, only few lonian Sea islands remained
connected with the mainland, whereas the Amvrakikos and Korinthiakos Gulfs were lakes
(Perissoratis and Conispoliatis 2003). In the Aegean Sea, part of the north sector was still
subaerially exposed and Samothrace and Thasos islands were connected (to a smaller
extent) with the mainland (Perissoratis and Conispoliatis 2003). Most of the lakes were
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overwhelmed by the sea except from the Evoikos Gulf, due to its high entrance barrier
(Perissoratis and Van Andel 1991; Perissoratis and Conispoliatis 2003). Most islands, at
that time, obtained their present shape (Perissoratis and Conispoliatis 2003). The main
source of the water surface circulation was an inflow from the Black Sea (Aksu et al.
1995). In the late Holocene, sea waters flooded all lakes and gulfs and in some cases
reached even further than they are observed today. The gradual inflow of the Atlantic
Ocean waters eventually outbalanced the outflow of the Black Sea waters around 6400
years ago and led to the contemporary water temperature and salinity levels (Aksu et al.
1995).
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1.5. Aim of the thesis

Due to their geographical and temporal diversity, syngnathid species provide an
excellent system for comparative evolutionary studies (Mobley and Jones 2009; Mobley et
al. 2011; Wilson and Orr 2011). Despite the fact that studies on the biology, mating system
and phylogenetic relationships of European syngnathids have tried to include as many
species as possible in their whole distributional range, the population of the lonian and
Aegean Seas remains a “black box”. This is a major gap in the overview of the species
biology and evolution as the lonian and Aegean Seas: a) consist of a wide range of
ecosystems regarding biotic, abiotic, physicochemical and other environmental factors
(Stergiou et al. 1997, Coll et al. 2010), b) constitute two major biogeographical zones and
c) are important ecosystems of the E. Mediterranean Sea as they are in close proximity to
the Marmara, Black and Adriatic Seas.

As already mentioned syngnathids persisted the last major vicariant event, the
Pleistocene glaciation, by taking refugium in protected areas and then recolonizing old and
new habitats (Lourie and Vincent 2004; Wilson and Veraguth 2010; Alaya et al. 2011;
Sanna et al. 2013a; Woodall et al. 2011). The climate changes that occurred during the
Pleistocene- and in most cases during the Last Glacial Maximum (LGM) - had an impact
on the geographic distribution and genetic structure of many syngnathids (Mobley and
Jones 2007; Wilson and Veraguth 2010; Woodal et al. 2011; Sanna et al 2013a).

Most of the existing studies of syngnathids focus on specific isolated populations at
different biogeographical zones and therefore provide data only on large scale differences
(European or Mediterranean level) (Franzoi et al. 1993; Riccato et al. 2003; Rispoli and
Wilson 2008; Wilson and Veraguth 2010; Sanna et al. 2013a). However, information on
the biological traits, the mating system and the genetic structure among populations from
the same biogeographical zone are rare (Mobley and Jones 2007; Alaya et al. 2011; Mwale
2013). However, local adaptations can play an important role in the evolution of the
species as contrary to the drive for panmixia, they occur between geographically close
populations living room for substantial differentiation (Kawecki and Ebert 2004; Blanquart
et al. 2013; Richardson et al. 2014).

Taking these factors into consideration, the aim of the present doctoral study was to
examine the biology, the genetic and phenotypic structure, and the mating system of the
sympatrically occurring syngnathids along the Greek coastline. The two most abundant
species along the Greek coastline — Syngnathus abaster and Syngnathus typhle- were used
as model organisms.

The biology of the two species was assessed by the examination of the abundance,
population structure, sex ratio, operational sex ratio, growth, length-weight relationships
and gonadosomatic and hepatosomatic index in two ecosystems of the N. lonian Sea
(Chapter 2). These habitats vary in abiotic factors (type and coverage of habitat, exposure
to the open sea etc.) and are almost 80 km apart. Given that i) the abundance and
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population structure of syngnathids were found to vary among different ecosystems
(Kendrick and Hyndes 2005; Malavasi et al. 2007) and ii) S. abaster and S. typhle posse
different ecological niches (for details see Chapter 2 in the present thesis), it was expected
that the above mentioned biological features would differ between i) the specimens of the
two examined stations (intra- species level) and ii) the two species (inter-species level).

Genetic structure was examined using the mitochondrial DNA control region and
the nuclear locus Al in specimens of the two species along the coastline of the mainland
Greece (Chapter 3). Morphological differences were investigated with the use of a
landmark based morphometric protocol and meristic characters (Chapter 4). If local
adaptations existed, differences in the genetic structure and the morphological pattern of
the two species at least at the level of the two major biogeographical zones (lonian and
Aegean Seas) were expected to be found.

Also, the genetic structure of the Greek samples of S. typhle was compared to the
existing data (sequences downloaded from Genebank, Benson et al. 2011) of European
populations along the species range (Wilson and Veraguth 2010) (Chapter 3). More
specifically, given that existing data support isolation by distance dispersal pattern, it was
tested whether the specimens from the lonian and the Aegean Sea cluster with the Western
Mediterranean or Marmara/Black Sea group or form a clade of their own. Given that the
biogeographical zones of the lonian and Aegean Sea are distinct from the Adriatic and the
Marmara/ Black Sea (Bianchi et al. 2012), it was expected that populations from the Greek
coastline would form a clade of their own as revealed by other marine species too (Bahri-
Sfar et al. 2000; Magoulas et al. 2006; Sala-Bozano et al. 2009; Yebra et al. 2011).

Finally, both Syngnathus abaster and Syngnathus typhle species are known to be
polygynandrous (Jones et al. 1999; Rispoli and Wilson 2008; Hubner et al. 2013).
However, the mating patterns and the intensity of sexual selection may vary between
syngnathid populations due to demographic (Mobley and Jones 2007; Rispoli and Wilson
2008) and environmental factors (Rispoli and Wilson 2008; Mobley and Jones 2007, 2009;
Wilson 2009; Monteiro and Lyons 2012). Moreover, Rispoli and Wilson (2008) and
Mobley and Jones (2009) revealed a correlation between sexual selection and multiple
mating of syngnathids isolated populations. Taking these factors into consideration the
final goal of the present thesis was to describe the mating system of the two in question
pipefish species from the N. lonian Sea and examine if geographical isolation impacts on
the degree of both species polygamy (Chapter 5). If indeed there was an effect, difference
in the level of polygamy between the Greek and the rest of the European populations were
expected to be found.
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Chapter 2. Biological features of Syngnathus abaster and
Syngnathus typhle species in the N. lonian Sea
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2.1.

INTRODUCTION

37



The biology of Syngnathus abaster and Syngnathus typhle species has been
extensively studied over the last decades (e.g. Berglund et al. 1986; Franzoi et al 1993;
Vincent et al. 1994; 1995; Silva et al. 2006b).

Syngnathus abaster Risso, 1827 (common name: black-striped pipefish) (Figure
2.1, Table 2.1) is a benthic euryhaline syngnathid species that inhabits freshwater, brackish
and marine coastal environments in depths up to 5 m and a temperature range of 8-24 °C
(Dawson 1986; Cakic¢ et al. 2002, www.fishbase.org). As in most pipefish, it is connected
with sandy or muddy bottoms, in seagrass meadows or macroalgal beds, such as
Cymodocea nodoca, Posidonia oceanica and Zostera marina (Dawson 1986; Franzoi et al.
1993; Silva et al. 2006b). The species color varies from light green to dark brown
depending on the characteristics of the environment that it inhabits (Dawson 1986). Its
distribution range includes the Mediterranean and Black Sea, as well as the European
Atlantic Coast, southern to the Biscay Gulf (Dawson 1986) (Figure 2.2). The bony plates
around the species body constitute it a slow swimmer, limiting, thus, its potential for
dispersal.

Figure 2.1 Female individuals of S. abaster species (common name: black-striped pipefish)
(after R. Pillon).

Ewkéva 2.1. Onioko dropo tov gidovg S. abaster (kown ovopacio: 6oakkopaeo, ToviocaKKopapa,
katovpAida) (oo R. Pillon).

Table 2.1. Systematic classification of S. abaster species
IMivoxkag 2.1. Zvotuotikn kotdtoaén Tov gidovg S. abaster.

Kingdom: Animalia
Phylum: Chordata
Class: Actinopterygii
Order: Syngnathiformes
Family: Syngnathidae
Subfamily: Syngnathinae
Genus: Syngnathus
Species: S. abaster
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The studies of Franzoi et al. (1993), Riccato et al. (2003) and Silva et al. (2006b,
2008, 2010) shed light on the species biology. According to them, S. abaster is
characterized by a short life cycle (around 18 months). The species reaches sexual maturity
within the first three to four months, corresponding to a total length of about 6 cm. The
mean observed length is 8.5-12.5 cm (Franzoi et al. 1993; Riccato et al. 2003), while the
maximum recorded length is 21 cm (www.fishbase.org). Adult specimens are slow moving
suction feeders whose diet remains the same throughout their lifespan (Franzoi et al. 1993).
Juvenile specimens prey on phytal organisms (Franzoi et al. 1993). Sex ratio is unbiased,
in the so far studied populations (Franzoi et al 1993; Riccato et al. 2003; Cunha 2012).

The reproductive period is well defined lasting for almost six months
(approximately April- October) while exact duration depends on ambient temperature
(Franzoi et al. 1993; Riccato et al. 2003; Silva et al. 2010). During the reproductive season,
pregnant males brood their embryos in a closed marsupium located on the tail (Urophori).
(Herald 1959; Carcupino 1997; Wilson 2001; Silva et al. 2006a; Cuhna 2012). The female-
female competition, the moderate levels of sexual size dimorphism and the female-biased
operational sex ratio indicated that the species is sex role reversed (e.g. Silva et al. 2006b).

The high phenotypic variability of the species has misled many researchers into
classifying different populations as sub-species or even worse as new Species
(www.fishbase.org). However, nowadays almost all of them are synonymized and
considered the same species.

0.40- 0. 2 ey s‘ !Gm v - B
gﬁ::o:w - - . }; i
Figure 2.2. Distribution map of S. abaster species showing the relative probabilities of the species
occurrence (modified after www.fishbase.org).

Ewova 2.2. Xapmg koatovoung tov €idovg S. abaster otov omoio amewovileton n mbavotTaL
ELEAVIoNG TOL €idovg (Tporomotpévog arnd Www.fishbase.org).
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Syngnathus typhle Linnaeus, 1758 (common name: broadnosed pipefish) (Figure
2.3, Table 2.2) is a marine species which prefers shallow waters (depths from 0.6 to 6 m)
(Dawson 1986, www.fishbase.org). It is connected with sandy or muddy bottoms, covered
with phytobentos such as Cymodocea nodoca, Posidonia oceanica and Zostera marina
Zostera marina), where it mostly swims vertically but also rests (Vincent et al. 1995; Skora
2001, according to Tarnowska and Sapota 2007; Malavasi et al. 2007). The species color
ranges from light green to nearly black and the coloration pattern from uniformly colored
with almost no contrast to highly contrasted dark stripes. The different colors closely
match the varying colors of the eelgrass (Scliwa 1986 according to Bernet et al. 1998). It is
found along the European Atlantic coasts from mid-Norway to southwards in Morocco as
well as in the Mediterranean Sea, the Black Sea and the Azov Sea (Figure 2.4) (Dawson
1986). The bony plates around the species body constitute it a slow swimmer, limiting,
thus, its potential for long distance migration.

Figure 2.3 Male individual of S. typhle species (common name: broadnosed pipefish) (after
R. Pillon).
Ewova 2.3. Onluko dropo Tov gidovg S. typhle (kown ovopacio: katovpride) (amd R. Pillon).

Table 2.2. Systematic classification of S. typhle species
IMivakog 2.2. Tvomuatikn kKotataén tov gidovg S. typhle.

Kingdom: Animalia
Phylum: Chordata
Class: Actinopterygii
Order: Syngnathiformes
Family: Syngnathidae
Subfamily: Syngnathinae
Genus: Syngnathus
Species: S. typhle
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S. typhle specimens have a life span of 2-3 years, reaching sexual maturity at about
11 cm. The mean observed length is 15 cm (Oliveira et al. 2007) and the maximum 35 cm
(Muss and Nielsen 1999; www. fishbase.org). Adult specimens are slow moving suction
feeders with a progressive dietary shift towards larger and fast moving preys (Oliveira et
al. 2007). Sex ratio is usually unbiased (Berglund et al. 1986; Vincent et al. 1995; Franzoi
et al. 1993). During cold winter months individuals migrate to deeper and more protected
waters (Vincent et al. 1995; Tarnowska and Sapota 2007).

Most studies on S. typhle focus mainly on its reproductive biology and ethology
(e.g. Berglund 1993; Ahnesjo 1996; Rispoli and Wilson 2008). These studies showed that
the species has a well-defined reproductive period during spring, summer and autumn
months. The exact duration depends on ambient temperature (e.g. Berglund et al. 1986;
Riccato et al. 2003; Sundin 2013). The species belong to the group of Urophori with a
closed brood pouch (Herald 1959; Carcupino 1997; Wilson 2001). Female- female
competition, moderate levels of sexual size dimorphism and female biased operational sex
ratio (OSR) indicate that the species is sex role reversed (e.g. Berglund et al 1986; Clutton-
Brock and Vincent 1991; Vincent et al. 1994).

of occurrence ‘:
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Figure 2.4. Distribution map of S. typhle species showing the relati
occurrence (modified after www.fishbase.org).

Ewévo 2.4. Xaptng katavoung tov gidovg S. typhle, otov omoio anewkovileton 1 mbavonTo

gueaviong tov €idovg (tpomomouévoc amd Www.fishbase.org).

-

ve perébiIitis of the species

41



Even though, the two species occur sympatrically, they tend to diverge in terms of
microhabitat use, exhibiting a strong habitat partitioning; S. typhle specimens occupy the
high and the intermediate portion of the canopy, while S. abaster are benthic (Malavasi et
al. 2007). Moreover, S. typhle mostly occurs in Cymodocea seagrass, while S. abaster in
eelgrass (Zostera marina) (Malavasi et al. 2007). These patterns verify the hypothesis of
generic spread i.e. congeneric species avoid competition by partitioning their habitats
(Tokeshi 1999) and have been observed in other syngnathid species too (Steffe et al. 1989;
Curtis and Vincent 2006; Kendrick and Hyndes 2005).

However, these studies provide information mostly on species abundance. There is
limited information on how different habitats can affect the species biological cycle. As
already mentioned, both S. abaster and S. typhle have a wide distributional range that
include E. Atlantic, Mediterranean and Black Sea coasts. The biotic (species structure) and
abiotic (e.g. temperature, salinity, turbidity) factors of these habitats vary (Coll et al. 2010;
Bianchi et al. 2012). The only common factor among these varying habitats for the two
species in question is vegetation. However the type and the density of vegetation among
such range also differs (Sales et al. 2012).

Existing studies on other species- with such wide distribution- have shown a strong
correlation between biological cycles and different habitats (Brander 1995; Portner et al
2001; Tsuzuki et al. 2007). Temperature, salinity and trophic levels are considered among
the most important abiotic factors that influences biology (e.g. Brander 1995; Portner et al.
2001; Lappalainen et al. 2001; Stergiou 2000). The Greek coastline is hypervariable
exhibiting a wide range of trophic levels (mostly oligotrophic but highly eutrophic basins
are not an exception), physicochemical (temperature, salinity etc.) and other
environmental- abiotic (different types of substratum, and vegetation, vegetation coverage,
currents etc.) parameters (Stergiou et al. 1997; Coll et al. 2010). Under these diverse
conditions, biological cycles and life history traits of fish stock were found to differ both
between Greek and Mediterranean populations but also among Greek localities (Stergiou et
al. 1999; 2000; 2007).

So, taking into account: a) the wide distributional range, the vegetation preferences,
the habitat partitioning and the influence of temperature on the duration of the reproductive
period of S. abaster and S .typhle (Franzoi et al. 1993; Riccato et al. 2003; Malavasi et al.
2007), b) the hypervariable Greek coastline (Stergiou et al. 1997; Coll et al. 2010) and c)
the strong habitat-related influence in the biology of marine organism (Stergiou et al. 1999;
2000; 2007) an interesting question arises: What are the biological features of S. abaster
and S. typhle species in the N. lonian Sea?

This question was the main axe of the present study. Population structure, sex ratio,
operational sex ratio, growth, size at maturity, length-weight parameters, gonadosomatic
and hepatosomatic indices of S. abaster and S. typhle were explored in two different
ecosystems; Drepano (lgoumenitsa Gulf) and Neochori (Amvrakikos Gulf). Drepano
station has a sandy substratum which is characterized by patchy seagrass (Cymodocea
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nodosa) and bare sand, whereas, Neochori muddy substratum has a full coverage of dense
vegetation (Posidonia oceanica). Given the difference in the type of the species-specific
vegetation preference it was expected that Drepano station would be a more suitable
environment for S. typhle individuals and a less suitable for S. abaster compared to
Neochori station (Malavasi et al. 2007). This factor led into the hypothesis that the biology
of the two studied species could be influenced by the type and coverage of vegetation and
could differ between Drepano and Neochori stations.
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2.2. MATERIALS AND METHODS
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2.2.1. Sampling stations

The sublittoral zone of the N. lonian Sea was searched in order to find satisfactory
sampling stations for our study (i.e. abundance of pipefish, differences in the type and
coverage of vegetation and other abiotic conditions). The sampling stations that met these
criteria more effectively were Drepano and Neochori (Figure 2.5).

s ( LN, > Figure 2.5. Map of the mainland of Greece
indicating the two sampling stations of the
ﬁ St T Dy present .study. St. I. Drepano (Gulf of
™ Igoumenitsa 39°31'04.63"'N, 20°13'29.38"E),
f St. II: Neochori St. Il:  Neochori  (Amvrakikos  Gulf

. 39°00"10.92""N, 20°45'22.35"E).
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The station of Drepano (Gulf of Igoumenitsa 39°31'04.63"N, 20°13'29.38"E)
(Figure 2.6) is situated in the North part of the Igoumenitsa Gulf. It is in close association
with the Kalamas River estuarine ecosystem and is exposed to wind and waves. Its sandy
substratum comprises predominantly of Cymodocea nodosa, providing a landscape of
patchy seagrass amongst areas of bare sand. The water temperature, concentration of
dissolved oxygen and salinity ranged from 9 to 28 °C, 8.14 to 9.90 mg/I and 33.60 to 40.25
psu respectively (Figure 2.7). The concentration of nutrients (NO,, NO3, PO,>) and
chlorophyll-a also varied in a monthly basis (Figure 2.7). According to the trophic index
for marine ecosystems (TRIX) (Vollenweider et al. 1998), Drepano is characterized as an
oligotrophic ecosystem (Figure 2.8). The ichthyofauna of the station comprised of 17
families, 23 genera and 37 species (Table 2.1 in Appendix). The species of the
Syngnathidae family accounted for the 3.22% of the station’s total abundance (Figure 2.9).
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_,ﬁfépanbsamblingétation 4,';._" S e B Neochori sampling station

Figure 2.6. General aspect of the Drepano and Neochori sampling stations.
Ewova 2.6. [evikn aroyn tov otabumv derypatoinyiog tov Apemdvov kot Tov Neoympiov.

The station of Neochori (39°00'10.92"N, 20°45'22.35"E) (Figure 2.6) is situated in
the North-West part of the Amvrakikos Gulf and is in close affinity with the Mazoma
lagoon. It is a sheltered station protected from wind and waves. Its muddy substratum is
completely covered by dense vegetation, comprising mainly of Posidonia oceanica. The
water temperature, concentration of dissolved oxygen and salinity ranged from 11.74 to
32.10 °C, 8.00 to 12.50 mg/l and 29.20 to 37.90 psu respectively (Figure 2.7). The
concentration of nutrients (NO,, NOs", PO,*) and chlorophyll-a also varied on a monthly
basis (Figure 2.7). Even though Amvrakikos Gulf is considered an eutrophic ecosystem,
based on the trophic index for marine ecosystems (TRIX) (Vollenweider et al. 1998),
Neochori is characterized as oligotrophic (Figure 2.8). The ichthyofauna of the station
comprised of 15 families, 19 genera and 24 species (Table 2.2 in Appendix). The species
of the Syngnathidae family accounted for the 11 % of the station’s total abundance (Figure
2.9).
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Figure 2.7. Bimonthly variation of water temperature (°C), dissolved oxygen concentration (mg/l), pH values, salinity (psu) and concentration (mg/L) of
phosphate (PO,¥), nitrates (N-NO,), nitrites (N-NO,) ammonia (N-NH,4) and chlorophylls (Chl- a) in Drepano and Neochori stations in the present study
(the T-bars that extend from the boxes+ correspond to the standard error of the sample).
Ewovo 2.7. Ayuviodo Stoxdpaven g Oepuoxpasiog (°C), g ovykévipwong tov dtakvpévon o&vydvou (mg/l), tav tov 1dviov tov pH, g adatdtntog
(psu) kar g ovykévipoons (Mg/l) tev opbopwcpupiciyv piidv (PO,Y), tov vitpnddy (N-NO,), tov vitpikdv (N-NOs), appoviokdy (N-NH,) kot
yropopuAlmv (Chl-a) otov oTad00G TOL Apemdvov kat Tov Neoywpiov katd ™ didpkelo TG Topovoag HeAETNS (o1 Ypoupés oynuotog «T» aviiotoyodv
GTO TUTIKO QAL TOV SELYHOTOC).
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Figure 2.9. Relative abundance (%) of the sampled families from the
ichthyofauna of Drepano and Neochori stations in the present study
(1.Atherinidae, 2.Belonidae, 3.Blenniidae, 4.Callionymidae, 5.Clupeidae,
6.Engraulidae, 7.Gobidae, 8.Labridae, 9.Mugilidae, 10.Mullidae,
11.Scophthalmidae, 12.Scorpaenidae, 13.Soleidae. 14.Sparidae, 15.Syngnathidae,
16.Trachinidae,  17.Triglidae,  18.Anguillidae,  19.Cyprinodontidae, 20.
Sciaenidae).

Ewévo 2.9. Zyetikn agbovia (%) tov owoysveiov tng tybvomavidag twv
otabumv tov Apemdvov kot tov Neoywpiov katd Tn SlGpKel TNG TUPOHGOGC
perétng (1.Atherinidae, 2.Belonidae, 3.Blenniidae, 4.Callionymidae, 5.Clupeidae,
6.Engraulidae, 7.Gobidae, 8.Labridae, 9.Mugilidae, 10.Mullidae,
11.Scophthalmidae, 12.Scorpaenidae, 13.Soleidae. 14.Sparidae, 15.Syngnathidae,
16.Trachinidae,  17.Triglidae, = 18.Anguillidae,  19.Cyprinodontidae,  20.

Drepano Neochorti Sciaenidae).
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2.2.2. Sampling method

Fish species were collected at each station on a monthly basis from January of 2009
to March of 2010, using a beach seine (16 m long and 1.5 m high, mesh size of 2-4 mm,
without a bag) (Figure 2.10). Weights on the bottom and buoys on the top kept the net in a
firm vertical position while hauling. The nets were attached to 1.5-m long wooden poles on
either end, providing a firm grasp while hauling. The seine was set parallel to the shore -in
water depth up to 1.4 m- and then pulled back to the beach (Figure 2.10). While hauling,
the seine remained in constant contact with the bottom. In each station 4 hauls were
attempted, covering a standardized total area of 160 m?. Between consecutive hauls a 20
minute interval existed in order to reduce habitat disturbance. Existing studies indicate that
the beach seine can capture pipefishes in high abundances along the sublittoral zone of
marine and brackish waters (Franco et al. 2006; Malavasi et al. 2007).

Additional sampling effort was conducted with a hand net (30 cm high and 40 cm
long, mesh size of 2 mm) (Figure 2.10). The same area as in the beach seine effort was
searched following a meandrous pattern move. In this way individuals that escaped the
seine were swept away and trapped in the net.

Fish were preserved in neutralized formaldehyde solution (4%) for later laboratory
analysis. To maintain standard conditions: i) samplings were always conducted within the
first days of each month, between 10 am and 2 pm and ii) sampling effort (number of hauls
and covered area) remained the same.

49



Figure 2.10. Sampling efforts with beach seine and hand net as conducted in the present study.
Ewova 2.10. Astypotonmrikég pébodol pe ypimo ki amdyn OmME TPAYLOTOTOWONKaY o1t
Tapovoo LEAETN

2.2.3. Species identification- Data collection

In the laboratory, each specimen was identified to the species level based on the
key for European syngnathids (Dawson 1986). The number of individuals, total length, as
well as total and eviscerated (net) weight, were measured to the nearest 0.1 mm and 0.001
gr, respectively. The gonads and the liver were removed and weighed separately to the
nearest 0.001 gr. Sex was determined macroscopically (males were characterized by the
presence of brood pouch and females of the same size by the absence of the pouch and the
swollen ovipositor region) and -when needed- microscopically with body dissection. When
the identification was not possible (gonads were empty or not shaped) specimens were
classified as “unsexed”. Males were considered brooding/pregnant when at least one egg or
embryo was present in the brood pouch and non- brooding when the pouch was empty.
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2.2.4. Data analysis

Male, female and unsexed individuals of S. abaster and S. typhle species were
collected on a monthly basis in each station. In order to maximize the number of
individuals within each month, in both stations preliminary analyses were conducted
(correlation tests, Mann-Whitney U test and Kruskal-Wallis ANOVA). The grouping that
best fitted the above mentioned prerequisite was the analysis of the samples on a bimonthly
basis; January- February (Jan-Feb), March- April (Mar-Apr), May- June (May-Jun), July-
August (Jul-Aug), September- October (Sep-Oct), November-December (Nov-Dec).
Samples from January 2010, February 2010 and March 2010 were merged with their
corresponding months of 2009. Thus, the analyses of the biology of both species were
performed on the above described bimonthly basis using SPSS ver. 21 software.

2.2.4.1. Population structure
For each species, the number of individuals and their lengths were compared within

and among Drepano and Neochori stations on a bimonthly basis. Since the sampling area
in both station remained the same (standardized total area of 160 m?) throughout the study
direct comparison of the relative abundance was possible. Nonparametric tests were used
in all analyses, as the assumptions of parametric tests were not met. Comparisons among
groups were made by means of Mann-Whitney U test and Kruskal-Wallis ANOVA (Zar
1999). Post hoc and Bonferroni’s correction for multiple comparisons were conducted
when significant differences were found.

2.2.4.2. Sex ratio

The sex ratios of males to females and adult (mature) to unsexed specimens of S.
abaster and S. typhle species from Drepano and Neochori stations were calculated on a
bimonthly basis. Pearson chi-square test (Zar 1999) was used to assess whether sex ratios
were different from 1. The significance level was set to 0.05. In order to estimate each
population’s overall sex ratio of i) males to females and ii) adult to unsexed specimens the
G-test was performed (Zar 1999). G test was used instead of the chi-square test as it has an
additive effect and is a better depicter of the overall variation (Zar 1999).

2.2.4.3. Operational sex ratio (OSR)

Operational sex ratio (OSR) was estimated as the proportion of sexually active,
non-brooding males to sexually active females (Emlen and Oring 1977) of S. abaster and
S. typhle species from the stations of Drepano and Neochori on a bimonthly basis during
the breeding season (March- October). Pregnant males were excluded, as suggested by
Kvarnemo and Ahnesjo (1996). During the reproductive period, all female individuals
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were considered as being ready to mate since they had mature ovaries. Significance level
and the evenness of the ratio were tested as described in the sex ratio analysis.

2.2.4.4. Length classes

Length classes were estimated by the Length Frequency Distribution. The method
tabulates the length measurements of fish on a frequency basis and interprets the modes in
the distribution as age groups-classes of the population or sample used (Bagenal and Tesch
1978). Therefore it provides information on the spatial and temporal presence and size of
individuals at particular location and time (Bagenal and Tesch 1978). This is an indirect
method for the age estimation of a population.

In order to estimate length classes of the S. abaster and S. typhle species from
Drepano and Neochori stations, bimonthly charts of total length frequency distribution
were plotted for male, female and unsexed individuals. The peaks on the histogram
corresponded to distinct length groups, implying the corresponding age groups.

2.2.4.5. Size at maturity (Lso)

Lso is the average size of a population when 50% of the specimens are mature
(Trippel and Harvey 1991). Since there was an overlap between the largest immature fish
and smallest mature fish, the Lso of S. abaster and S. typhle species from the stations of
Drepano and Neochori were assessed by logistic regression analysis. Logistic equations are
used to estimate Lso because these mathematical functions can follow a cumulative normal
curve where Lso correspond to normal average length. Sex status (mature/immature) was
used as dependent variable, total length as covariate and species, sex and stations as factors
interacting with total length. The Hosmer and Lemeshow goodness-of-fit test was used to
evaluate the fit of the data to the logistic regression model for each species (Hosmer and
Lemeshow 2000).

2.2.4.6. Length-weight relationship (LWR)

The relations between the total length (L) and weight (W) of S. abaster and S.
typhle individuals from the Neochori and Drepano populations was expressed by the
equation:

W = a*L°

where, W the total weight, L the total length, a the coefficient related to body form and b
the exponent indicating isometric growth when equal to 3 and allometric growth when
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different to 3 (positive if b > 3, negative if b < 3) (Beverton and Holt 1957; Froese 2006).
The parameters a and b of the length—weight relations were estimated by the least-square
method based on the predictive or Type I linear regression model (Sokal and Rohlf 1995),
using “log W” as the dependent variable and “log L as the independent variable,

log (W) =log (a) + b log (L).

Analysis of covariance (ANCOVA) (Sokal and Rohlf 1995) was used to determine
whether or not there were significant differences in length—weight relationships between
sexes, stations and months during the reproductive period (Le Cren 1951) separately for
the two species. Log(W) was used as dependent variable, log(L) as covariate and sampling
station, sex and periods (bimonths) as factors. A significant main effect of a factor means
that this factor influences the condition of fish in all lengths (the intercept of the LWR-line
is shifted), whereas a significant interaction of a factor with the covariate means that both
the coefficients a and b of the LWR are affected (Sokal and Rohlf 1995; Zar 1999).

2.2.4.7. Gonadosomatic Index (GSI)
The gonadosomatic index (GSI) (Yuen 1955) is the ratio of fish gonad weight to
body weight and is determined by the following formula
GSI= 100*GW/BW

where, GW is the gonad weight (g) and BW is the body weight (total or net) (g).

GSI is often used as an indicator of the reproductive activity as the gonads of both
males and females increase in size before reproduction and shrink at the end of the
reproductive period (e.g. Rajasilta et al. 1997; Ceballos-Vazquez and Elorduy-Garay 1998;
Arellano-Martinez and Ceballos-Vazquez 2001; Sadekarpawar and Parikh 2013).

In the present study GSI was estimated on a bimonthly basis for male and female
individuals of S. abaster and S. typhle species from the stations of Drepano and Neochori,
with respect to net body weight. In pregnant males embryos and eggs were also removed
from the pouch. Ovaries of gravid females increased in size just prior to spawning.
Therefore, the peak of the GSI values indicated the beginning of the reproductive season.
Also, the GSI of males increases prior the acceptance of a brood, drop off during brooding,
and increase again just prior to the release of a brood and acceptance of a new batch of
eggs (Mayer 1993, Kornienko 2001). The peak and fall of GSI values indicated the start
and the end of the reproductive period. Analysis of covariance (ANCOVA) (Sokal and
Rohlf 1995) was used determine whether or not there were significant differences in GSI
values between sexes, stations and months during the reproductive period separately for
the two species (Le Cren 1951). Weight was used as dependent variable, length as
covariate and sampling station, sex and month as factors.
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2.2.4.8. Hepatosomatic Index (HSI)
The hepatosomatic index (HSI) (Wootton et al. 1978) is the ratio of fish liver
weight to body weight and is determined by the following formula:
HSI= 100*LW/BW

where, LW is the liver weight (g) and BW is the body weight (total or net) (g).

HSI is used as an estimator of the energy status of the fish; since the liver is an
important store of energy (Wootton et al. 1978; Campbell and Love 1978). It was
estimated on a bimonthly basis for male and female individuals of S. abaster and S. typhle
species from the station of Drepano and Neochori, with respect to net body weight. In
pregnant males embryos and eggs were also removed from the pouch. HSI statistical
analysis was the same as described for the GSI.
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2.3. RESULTS
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2.3.1. Syngnathus abaster species

2.3.1.1. Population structure

A total of 578 specimens of S. abaster species were caught in Drepano (n=313) and
Neochori (n=265) stations during the present study. The relative abundance of sampled
specimens was not statistical different between the two stations (Mann- Whitney test: U=
116.500, p> 0.05), whereas the number of caught individuals between the periods differed
in each station (Kruskal- Wallis test for Drepano station: H= 13.501, p<0.05; Kruskal-
Wallis test for Neochori station: H= 13.524, p<0.05). In particular the highest relative
abundance in Drepano station was recorded in July-August period while the lowest during
the winter period (Figure 2.11).At the same time, the relative highest abundance in
Neochori station was recorded in September-October period while the lowest during the
winter period and early spring (Figure 2.11). However, between the two stations the only
statistical significant difference in the abundance was found in the November-December
period when the number of specimens in Neochori station was marginally higher than in
Drepano (Kruskal- Wallis test: H= 3.887, p=0.05).

_| Drepano station: H=13.501, P<0.19 Neochori station: H=13.524, P<0.05
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Figure 2.11. Box plot of the average number of individuals of S. abaster species caught bimonthly
in Drepano and Neochori stations in the present study (H, Value of Kruskal-Wallis non parametric
test; P, level of significance, the middle bold black line within each box corresponds to the median
and the T-bars that extend from the boxes correspond to the standard deviation).

Ewoévo 2.11.0nkdypoupo tov p.0. 700 appod tov atdpov tov eidovg S. abaster to omoio
cvuAdexBnkav ava dipnvo otovg otabuovg Tov Apendvov kot Tov Neoympiov Katd Tn StdpKeLn TNG
napovcag ueréme (H, m tpnq tov un- mapapstpicod teot Kruskal-Wallis; P, eminedo
ONUOVTIKOTNTOG, N Hecaio Evovn Ypauun Kade Onkoypappatog avtiotolyei 6to S1aUeECO, Kol Ot
YPOLLLLES GYNUOTOG «T» otV TUTTIKT) amOKAION OV delyuarog).
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Table 2.3. Mean total length (TL mm) of male, female, unsexed and sexes combined individuals of S. abaster species caught in Drepano and Neochori
station in the present study (N, number of individuals; MTL, mean total length; Min, minimum total length; Max, maximum total length; St.Dev, standard
deviation of total length)

Mivaxag 2.3. Méoo ohkd pnkog (TL mm) tov apoevikdv, INAvkdV, adievkpivicTon AL Kot Y10 T0 GOVOAO TV 0TOU®Y ToV gidovg S. abaster to omoia
oLAAEYONKOY G6ToVG 6TaBOVE TOVv Apemdvou katl Tov Neoympiov katd 1 didpkeln ¢ mapovoag uerétg (N, apBuoc atopwov; MTL, péco oAkd pnkog;
Min, ehdyioto oAkd pfkog; Max, péyioto oAkd punkog; St.Dev, tumiky amoKAe OAMKOD HiKovg).

Males Females Unsexed Total
Station Month N MTL Min Max StDev N MTL Min Max StDev N MTL Min Max StDev N MTL Min Max St.Dev
Jan-Feb 9 968 75.0 1130 1.16 4 908 80.0 103.0 1.02 3 620 58.0 65.0 036 16 888 58.0 113.0 1.63
Mar-Apr 3 141.3 96.0 222.0 6.82 10 1084 77.0 253.0 5.08 1 280 280 280 14 109.7 28.0 253.0 5.68
May-Jun 19 97.7 82.0 121.0 13 23 981 782 1251 125 20 589 34.0 78.0 118 62 853 34.0 125.1 2.16
Drepano Jul-Aug 23 945 750 117.0 106 25 1074 81.0 230.0 323 26 613 420 77.0 086 74 872 420 230.0 2.79
Sep-Oct 35 118.6 81.0 214.0 429 75 1033 78.0 220.0 312 19 68.0 520 76.0 0.8 129 1023 52.0 220.0 3.60
Nov-Dec 7 140.7 90.0 211.0 5 9 1147 80.0 219.0 3.99 2 615 470 76.0 191 18 1189 47.0 219.0 4.70
Total 96 109.0 75.0 2220 355 146 1039 77.0 253.0 314 71 620 280 78.0 1.10 313 959 28.0 253.0 3.48
Jan-Feb 2 1020 95.0 109.0 0.85 3 1150 105.0 134.0 1.59 0 5 109.8 95.0 134.0 1.39
Mar-Apr 2 985 77.0 120.0 2.97 4 753 700 78.0 033 13 575 440 69.0 0.79 19 65.6 440 120.0 1.63
May-Jun 7 86.1 76.0 950 0.77 5 952 80.0 134.0 22 25 497 230 730 1.18 37 627 23.0 1340 2.25
Neochori Jul-Aug 25 95.8 78.0 234.0 299 34 931 70.0 172.0 183 55 572 320 74.0 1.03 114 764 32.0 234.0 2.58

Sep-Oct 6 885 750 930 069 17 1028 710 238.0 3.8 8 659 540 750 069 31 905 540 2380 3.20
Nov-Dec 2 1015 96.0 107.0 0.85 3 300 280 31.0 0.12 5 586 280 107.0 3.84
Total 42 936 750 2340 243 65 960 70.0 238.0 261 104 553 23.0 750 119 211 755 23.0 238.0 2.81
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In Drepano station, females were the most abundant (N=146; 46.6%), while
unsexed individuals the least (N=71; 22.7%) (Table 2.3). The population composed of
specimens from 28.0 mm (juvenile) to 253.0 mm (female). At the same time, in Neochori
station most individuals were unsexed (N=104; 49.3%) and the least were males (N=42;
30.8%). The shortest total length (23.0 mm) was recorded in a juvenile individual while the
longest (238.0 mm) in a male (Table 2.3). The total length of the individuals of the two
stations was statistically different (Mann-Whitney test: U=46.712, p<0.001) with
individuals from Drepano (mean TL= 95.9 mm, Std. error=0.20) being longer than
Neochori (mean TL= 75.5 mm, Std. error=0.19).

In the Neochori station, the mean body size of males, females and unsexed
individuals was 93.6 mm (St. error=0.38), 96.0 mm (St. error= 0.32) and 55.3 mm (St.
error=0.12) respectively. A bimonthly statistical significant difference was recorded in the
total length of females as well as in the total length of the unsexed specimens (Figure
2.12). In particular, Bonferoni correction showed that i) female specimens collected in
January-February were longer than those collected in March-April period, and ii) the
unsexed specimens collected in November-December were the shortest. On the other hand,
statistical differences among males were not found.

In Drepano station the mean total length of males, females and unsexed individuals
was 109.0 mm (St. error=0.36), 103.9 mm (St. error= 0.26) and 62.0 mm (St. error=0.13)
(Table 2.3). There was not found a statistical difference in the total length among male,
female or unsexed individuals (Figure 2.12).

Between the individuals in Drepano and Neochori station, the total length differed
significantly for females caught in January- February, March- April and July- August
period. The specimens caught in January- February were longer in Neochori, whereas, the
individuals caught in March- April and July- August period were longer in Drepano
(Figure 2.13). Unsexed individuals caught in March-April were statistically longer in
Neochori station than Drepano, while were shorter in May-June and November-December
periods (Figure 2.13). For the rest of the months the total length was not significantly
different between the individuals in the Drepano and Neochori stations (Figure 2.13).
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Drepano population

Males: H=7.427, P>0.05 Females: H=5.155, P>0.05 _| Unsexed: H=9.812, P>0.05
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Figure 2.12. Boxplot of the bimonthly variance of total length within the male, female and unsexed specimens of S. abaster species caught in Drepano and
Neochori stations in the present study (H, Value of Kruskal-Wallis non parametric test; P, level of significance, the middle bold black line within each box
corresponds to the median, the points are outliers, the asterisks are extreme outliers, the T-bars that extend from the boxes correspond to the standard
variation).

Ewéva 2.12. Onkodypoppa e dSunviaiog StakOLOVONS TOV OAKOD HKOVS TV OPCEVIKAYV, ONAVKOV kol adlevkpivioTov ¢UAOV aTOH®V TOL €ldovg S.
abaster to omoia cLAAEYONKAY ©6TOVE GTAOUODC ToL Apemdvov kol Tov Neoywpiov kotd T Sibpkew ¢ mapovoag peréme (H, 1 twn tov pn-
nopopeTpikod teot Kruskal-Wallis; P, eninedo onpovtikotrag, n pecoio Evtovn ypopun kébe Onkoypdppuatog ovtiotoryei 6to S1dpeco, ot KOKAOL 6€
okpaieg TEG, ol ootepiokol ot  efoupeTikd  axpoiec TWEG Kol ol ypoupég oynuatog «T» oty Ttumikr amdOkAon  Tov  dglyuaTog).
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Figure 2.13. Boxplot of the
bimonthly variation of total length
(TL, mm) among male, female and
unsexed specimens of S. abaster
species caught in Drepano and
Neochori stations in the present study
(H, Value of Kruskal-Wallis non
parametric  test; P, level of
significance, the middle bold black
line within each box corresponds to
the median, the points are outliers,
the asterisks are extreme outliers and
the T-bars that extend from the boxes
correspond to the standard deviation).
Ewova 2.13. Onkdypoppe.  tng
Syunviaiog SakOUAVONG TOV OAKOV
LUKOVG TOV OPCEVIKMV, ONAVKOV Kot
OOEVKPIVIGTOL QUAOD OTOU®V TOV
gidovog S. abaster ta omoia
cLAAEYONKav oTovg oTOBUOVE TOL
Apemdvov Kot Tov Neoympiov Katd
TN OlpKELD TNG TOPOVCAS UEAETNG
(H, m tu toL pn- TOPOPETPIKOD
teot  Kruskal-Wallis; P, erinedo
ONUOVTIKOTNTAG, 1 Meoaia €viovn
YpOopUN K0 OnkoypaupUaTOg
avtiototyel oto O1dpeco, ot KLKAOL
o€ axpaieg TYWES, ol aoTePioKOl GE
e€alpeTikd  okpoieg TWEC Kol Ol
ypoupés oynpatog «T» ommv tomik
OTOKALGT] TOV OgiyUATOG).
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2.3.1.2. Sex ratio

The overall sex ratio of S. abaster males (N=138) to females (N=211) and adult
(N=349) to unsexed (N=175) individuals were statistically different from 1:1 (G- test:
g=15.38, p<0.001 and g=58.89, p<0.001) (Table 2.4).

In Drepano station, among sexually mature specimens (N=242), females (N=146)
outnumbered males (N=96) (G- test: g=10.41 p<0.001) (Table 2.5). More specifically, sex
ratio was statistically significant male biased in January- February and female biased in
September-October period (Tables 2.5, 2.3 in Appendix). Adults outnumbered unsexed
individuals during the whole study and this difference was statistically significant (G- test:
0=98.73, p<0.001) (Tables 2.5, 2.3 in Appendix).

In Neochori station, among sexually mature specimens (N=107), females (N=65)
outnumbered males (N=42), but this difference was statistically important only at the end
of the reproductive period (G- test; g=4.98, p<0.05) (Tables 2.5, 2.3 in Appendix). On the
other hand, the sex ratio of adult to unsexed specimens varied during the present study (G-
test; g=0.043, p>0.05). Unsexed individuals were more abundant than adults in May-June
period and less abundant in September-October (Tables 2.3, 2.4 in Appendix).

61



Table 2.4. Number of individuals and overall sex ratio of males to females and adult to unsexed individuals of S. abaster species caught in Drepano and
Neochori stations in the present study (* level of significance p<0.05).

Hivexog 2.4. ApBpog ATOU®V Kol GUVOAKT 0vaAOYiot QOAA®V OPGEVIK®V TPOG ONAVKAOV Kol EVIMK®OV TPOog adIEVKPIVIGTOL GOAOL ATOU®V TOL €idovg S.
abaster o onoio GLAAEYOMKAV b TOVG GTAOHOVS TOV ApeEmAvVOL Kat Tov Neoympiov KoTd T dApKELD THG TAPOVGOG HEAETNG (FEMITEDO ONUAVTIKOTNTOG

p<0.05).
Males  Females Adult Unsexed Males:Females G- test Adult:Unsexed G- test
N N N N
138 211 349 175 1:1.52* 9=15.38, p<0.001 1.99:1* g=58.89, p<0.001

Table 2.5. Number of individuals and bimonthly sex ratio of male to female and adult to unsexed specimens of S. abaster species caught in Drepano and
Neochori stations in the present study (* level of significance <0.05).

Mivakag 2.5. ApBpog atouwmy Kot dSiunviaio avoloyio @OADY TOV APCEVIKAV TPOG ONAVKOV Kol EVAAIK®V TPOC OSIEVKPIVIGTOV GUAOD ATOU®Y TOL EI00VC
S. abaster ta omoio cuAAEYOMKavV omd TOovg oTAOHOVG TOL Apemdvov kot Tov Neoywpiov katd T didpkeln TG mapovoag HeEAETNG (*eminedo
onuavtikottag p<0.05).

Station Month Males Females Adult Unsexed F“:rilglse;s G- test Adult:Unsexed G- test
N N N N
Jan-Feb 9 4 13 3 2.25:1* 4.33:1*
Mar-Apr 3 10 13 1 1:3.33 13:1*
May-Jun 19 23 42 20 1:1.21 2.1:1*
Drepano 0=10.41 p<0.001 0=98.73, p<0.001
Jul-Aug 23 25 48 26 1:1.09 1.85:1*
Sep-Oct 35 75 110 19 1:2.14* 5.78:1*
Nov-Dec 7 9 16 2 1:1.28 8:1*
Jan-Feb 2 3 5 0 1:1.5
Mar-Apr 2 4 6 13 1:2 1:2.17
. May-Jun 7 5 12 25 14:1 1:2.08*
Neochori 0=4.98, p<0.05 0=0.043, p>0.05
Jul-Aug 25 34 59 55 1:1.36 1.07:1
Sep-Oct 6 17 23 8 1:2.83* 2.88:1*
Nov-Dec 0 2 2
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2.3.1.3. Operational sex ratio

Brooding males of S. abaster species were found both in Neochori and Drepano
stations from May until the end of October, signaling the duration of the reproductive
period. They represented 44.20% (N= 61) of all captured adult males of S. abaster species.
During the breeding season, their percentage was 50.83%.

In Drepano station, brooding males (N=38) were more abundant than non-brooding
(N=39) in the beginning (May-June) and the middle (June-August) of the reproductive
season (Table 2.6). In the end of the reproductive season (September-October) non-
brooding males prevailed (Table 2.6). The ratio of brooding to non-brooding males ranged
from 1:13 to 2.18:1 and was statistically significant during the May-June and September-
October periods (Tables 2.6, 2.4 in Appendix). However, the overall ratio did not deviate
from the unbiased 1:1 (G- test: g=0.013, p>0.05). The mean total length of brooding and
non-brooding males varied along the reproductive period (Table 2.7). However, a
statistically significant difference was not recorded (N=77, p>0.05) (Table 2.8a).

The operational sex ratio (OSR) was estimated as the ratio of non-brooding to
active female individuals across the breeding period. The ratio varied from 1:1.25 to 1:4.6
with non-brooding males being always outnumbered by females (Tables 2.6, 2.4 in
Appendix). Therefore, the OSR of individuals in Drepano station was female-biased (G-
test: g=45.75, p<0.001). However, a statistically significant difference was not recorded
between the total length of non-brooding males and females (Table 2.8b).

In Neochori station, brooding males (N=23) were more abundant than non-
brooding (N=15) along the reproductive period (Table 2.6). The ratio of brooding to non-
brooding males ranged from 1:1 to 1:1.6. However, this difference was not statistical
significant (Table 2.3 in Appendix) and the overall ratio of brooding to non-brooding
males remained unbiased (G- test: g=1.70, p>0.05). Even though their mean total length
varied in a bimonthly basis (Table 2.7), it was not a statistically significant difference
(Table 2.8.a).

The operational sex ratio varied from 1:3.4 to 1:5.67 with non-brooding males
being always outnumbered by females (Table 2.6). Therefore, the OSR of Neochori was
female biased throughout the reproductive season (G- test: g=25.21, p<0.001). Similarly to
the population of Drepano, no statistically significant differences were recorded in the total
length of  non-brooding males and  females  (Tables 2.7, 2.8b).
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Table 2.6. Number of female, brooding and non-brooding male specimens as well as ratio of brooding to non-brooding males and non-brooding to female
individuals of S. abaster species caught in Drepano and Neochori stations in the breeding period of the present study (* level of significance <0.05).
Mivexog 2.6. ApiBudg ONAvkdv, KLOPOPOLVIMOV KOl HN)- KLOPOPOUVI®MV OPGEVIKAOV ATOH®V KOOMG Kol 1 oVOAOYio. KLOQOPOOVI®V OC TPOG UN-
KDOQOPOVLVIMV APGEVIKAOV OTOU®MV Kol KDOQOPOHVIMV OPGEVIKOV G TTPog ONALK®OV atdpumv Tov gidovg S. abaster ta omoia cuAAEYONKAV 6TOVG 6TAONOVG
0V Apendvov kat Tov Neoympiov Katd Thv ovamapaymyikn Tepiodo g mapovcag ueAétng (*eminedo onpoviikdmrag < 0.05).

. . Females L . .
Station Month Non-brooding Brooding Non-brooding: Brooding G- test Non-l?roodlng G- test
males males:Females
N N N
May-Jun 5 14 23 1:2.8* 1:4.6%
Drepano  Jul-Aug 10 13 o5 1:1.3 g=0.013, p>0.05 1:2.5% g=45.75, p<0.001
Sep-Oct 24 11 75 2.18:1* 1:3.13*
May-Jun 1 6 5 1:6 1:5%
Neochori  Jul-Aug 1 14 34 1:1.27 g=1.70, p>0.05 1:3.4% g=25.21, p<0.001
Sep-Oct 3 3 17 L1 L1567
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Table 2.7. Mean total length (TL mm) for the bimonthly samples of brooding and non-brooding males and females of S. abaster species caught in Drepano
and Neochori stations in the breeding period of the present study (N, number of individuals; MTL, mean total length; Min, minimum total length; Max,
maximum total length; St.Dev, standard deviation of total length)
Hivexog 2.7. Méco oo prkog (TL mm ) tov Sipumviciov SEyHATOV T@V KDOQOPOUVTOV KOl HT-KLOPOPOHVI®MY APCGEVIKOV Kol ONAVKAOV ATOU®OV TOL
gldovg S. abaster ta omoio. GLAAEXONKAV GTOVG 6TAOHOVE TOV ApEmdvov Kot Tov NEoY®piov KOTd TV avamapay®yikn repiodo g mapovcog pueiémg (N,
ap1Opog atopmv; MTL, péco olikd pikog; Min, gldyioto ohkd pikog; Max, péyioto olko prkog; St.Dev, tumikn andkion oMkoh UNKoVG).

Non- Brooding Males Brooding males Females
Station Month N MTL Min Max St.Dev N MTL Min Max St.Dev MTL Min Max St.Dev
Jan-Feb 9 96.8 75.0 113.0 1.21 4 90.8 80.0 103.0 1.06
Mar-Apr 3 1413 96.0 2220 7.00 10 108.4 77.0 253.0 5.16
May-Jun 5 93.5 82.0 111.0 1.16 14 99.3 84.0 121.0 1.38 23 98.1 78.2 125.1 1.27
Drepano Jul-Aug 10 97.0 85.0 117.0 1.05 13 92.6 75.0 114.0 1.08 25 1074 81.0 230.0 3.28
Sep-Oct 24 1203 810 2140 4.81 11 1148 85.0 176.0 3.39 75 103.3 78.0 220.0 3.15
Nov-Dec 7 140.7 90.0 211.0 5.16 9 114.7 80.0 219.0 4.09
Total 58 114.9 750 2220 4.13 38 1022 75.0 176.0 2.23 146  103.9 77.0 253.0 3.14
Jan-Feb 102.0  95.0 109.0 0.9 3 115.0 105.0 134.0 1.65
Mar-Apr 98.5 77.0 120.0 3.04 4 75.3 70.0 78.0 0.38
May-Jun 76.0 76.0 76.0 6 87.8 76.0 95.0 0.71 5 95.2 80.0 134.0 2.23
Neochori Jul-Aug 11 1024 79.0 2340 441 14 90.6 78.0 113.0 1.11 34 93.1 70.0 172.0 1.91
Sep-Oct 3 92.3 91.0 93.0 0.12 3 84.7 75.0 93.0 0.91 17 102.8 71.0 238.0 3.95
Nov-Dec 2 101.5 96.0 107.0 0.78
Total 19 90.5 76.0 234.0 3.44 23 87.7 75.0 93.0 0.98 65 97.2 70.0 78.0 2.61
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Table 2.8. Bimonthly results on the non-parametric Kruskal-Wallis test for the variance of total
length between a) brooding and non-brooding and b) non- brooding male and female specimens of
S. abaster species caught in Drepano and Neochori stations in the breeding period of the present
study (N, number of specimens; H, Value of Kruskal-Wallis non parametric test; p, level of
significance).

Ewova 2.8. Aypnmvwio oaroteréopoto tov un mopoapetpikov ehéyyov Kruskal-Wallis ywo
SaKOHaVOT TOL OMKOD HAKOLS TOV &) KLOPOPOOVIMV KaL [T OPCEVIK®OV Kat b) pn-kvopopodviov
APCEVIKMV Kl ONAVK®OV atduwv Tov £idovg S. abaster ta omoia cvAAExONKav 6ToVE GTAOHOVE TOV
Apemdvov kol tov Neoywpiov katd v ovamapaymylkny nepiodo g mapovcag perétng (N, o
apipog tov atopov; H, n tyunq tov un- mapapetpikov teot Kruskal-Wallis; P, erinedo
ONUOVTIKOTNTOG).

a)
Station Month N H P-values
May-Jun 19 0.549 p>0.05
Drepano Jul-Aug 23 0.652 p>0.05
Sep-Oct 35 0.248 p>0.05
May-Jun 7 1.591 p>0.05
Neochori Jul-Aug 25 0.218 p>0.05
Sep-Oct 6 1.344 p>0.05
b)
Station Month N H P-values
May-Jun 37 0.706 p>0.05
Drepano Jul-Aug 36 0.262 p>0.05
Sep-Oct 86 0.341 p>0.05
May-Jun 11 2.143 p >0.05
Neochori Jul-Aug 48 0.157 p>0.05
Sep-Oct 20 0.025 p>0.05

2.3.1.4. Length classes

The bimonthly length frequency distribution of adult and unsexed specimens of
Drepano and Neochori stations is shown in Figure 2.14. In both stations, there were
revealed two length classes indicating the occurrence of two cohorts per year. The first
cohort constitutes mainly of unsexed and adult individuals smaller than 120 mm (0+),
while the second cohort consisted only adult individuals larger than 120 mm (1+).

In the station of Drepano, the first cohort was in high abundances every month.
Unsexed specimens were present all year long (Figure 2.14). The smallest unsexed
individuals (less than 50 mm) appeared in the March-April (March) and November-
December (March) periods. High abundances of this group were recorded from May until
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August. Adult individuals were also present throughout the year and in higher abundance
than recruits (Figure 2.14). The second cohort was observed in low abundances in the
March- April period and from July till December (Figure 2.14).

In the Neochori station, the first cohort was in high all year long. Unsexed
specimens were present from the March-April period (April month) until (November
month) (Figure 2.14). The smallest unsexed individuals (less than 50 mm) were recorded
in the November-December period (November month). High abundances of this group
were recorded from April until August. Adult individuals were also present throughout the
year however their abundance was not always higher than the unsexed (Figure 2.14). The
second cohort was less obvious than in the Drepano station. Yet individuals exceeding the
125 mm were recorded in the May-June and September-October periods (Figure 2.14).

Drepano population Neochori population
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Figure 2.14. Per cent frequency distributions of total length (mm) of S. abaster species caught in
Drepano and Neochori stations in the present study (unsexed specimens: white colored; males:
light gray colored; Females: dark grey- colored).

Ewoéva 2.14. Tlocootiaio cuyvOTnTo KOUTOVOUNG TOV OAKOD UiKovg (MM) TV oTOU®Y TOV i50Vg
S. abaster ta omoio cLAAEYTMKAV 6TOVG GTAOUOVG TOV Apemdvov kot Tov Neoywpiov KT TN
Tapovoo UEAETN (ad1EVKPIVIGTOV EVAOL GToua: AEVKO YPOUO; OPCEVIKA: ovolyTd Ykpt, OnAvkd:
oKoOPO YKPL).
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2.3.1.5. Size at maturity (Lso)

Logistic regression model estimating Lso correctly classified 97.6% of males
(Hosmer and Lemeshow goodness of fit test; d.f. = 8, p > 0.05) and 99.1% of females
(Hosmer and Lemeshow goodness of fit test; d.f. = 6, p > 0.05) from Drepano station
(Table 2.9). At the same time, males from Neochori station were 99.3% correctly classified
(Hosmer and Lemeshow goodness of fit test; d.f. = 7, p > 0.05) and females were 96.4%
(Hosmer and Lemeshow goodness of fit test; d.f. =8, p > 0.05) (Table 2.9).

Lengths at 50% maturity (Lso) of males and females of S. abaster species from
Drepano station did not vary (75.5 mm and 75.0 mm respectively) (Figure 2.15). However,
the slope of logistic equation was steeper in females than males. Therefore, females in
Drepano station reach Lsp faster than males, yet this difference was not statistically
significant (Figure 2.15). In Neochori station, Lso for both species did not differ
significantly (males: 70.5 mm; females: 72.3 mm) (Figure 2.15). The steeper (almost
vertical) slope of the males logistic curve indicate that they reach Ls, faster than females,
however this difference was not statistically important (Figure 2.15).

Table 2.9. Classification results for the cross-validation procedure for the logistic regression model
estimating Lso of male and female specimens of S. abaster species caught in Drepano and Neochori
stations in the present study.

ivakag 2.9. Enovatomofétnon tov onoTeAeoUAT®V TOV HOVTEAOL AOYIGTIKNG TOALVOPOUNGONG Y10l
mv ektiunon tov Lsy tov aposvikdv kol Onlvkdv atdéuov tov €idovg S. abaster 1o omoin
GLAAEYTNKOAV GTOVG 6TAOUOVG TOL Apemdvou Kot Tov Neoywpiov otny mapohoa HEAET.

. Recorded Predicted sex status
Station Sex sex status
Immature Mature Percentage Nagelkerke R?
Immature 70 1 98.6
Males Mature 3 93 96.9 0.957
Overall 97.6
Drepano
Immature 70 1 98.6
Females Mature 1 145 99.3 0.985
Overall 99.1
Immature 100 1 99.0
Males Mature 0 42 100.0 0.992
. Overall 99.3
Neochori
Immature 98 3 97.0
Females Mature 3 62 95.4 0.938
Overall 96.4
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Figure 2.15. Logistic regression curves for the estimation of the Ls, for male and female
individuals, of S. abaster species caught in Drepano and Neochori stations during the present study
(The interception of the horizontal line and the regression curve correspond to the Ls) (Table 2.5

in Appendix).

Ewcova 2.15. KapmdAn Aoylotikig TaAtvdpounong yio v ektipunomn tov Lsp tov apoevikev kot
Ontukdv atoumv Tov gidovg S. abaster to omoio, GLAAEYTNKAY GTOVG GTOOUOVG TOL APETEvVOL Kol

tov Neoywpiov omv mapovca perétn (To onueio toung g oploviog YPOUUNG Kol NG
OlYHOEONG KopmOANg avtiototyei oto L) (Table 2.5 tov IMapaptipatog).
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2.3.1.6. Length-weight relationship (LWR)

The length-weight relationship (LWR) was estimated for male, female and unsexed
individuals of S. abaster species during the months with the highest abundances, i.e.
reproductive season (May-October) (Table 2.10, Figure 2.16). ANCOVA analysis
indicated that among the examined parameters, sex and periods were the ones affecting the
LWR (Table 2.11). In particular, the most important were: i) the interaction of sex and total
length (explaining 10.1% of total variance), ii) sex (9.8%), iii) the interaction of station,
sex and total length (4.3%), iv) the interaction of sex, month and total length (3.9%), iv)
month (2%), and vi) the interaction of month and total length (1.8%) (Table 2.11).

In both stations males and females had higher b-values than unsexed specimens
(Table 2.10, Figure 2.16). Based on the estimated b- values, males and females in both
stations exhibited positive allometric growth pattern, while unsexed specimens isometric
pattern (Figure 2.16, Table 2.10).

Table 2.10. Parameters of the length-weight relationship for male, female and unsexed individuals
of S. abaster species caught in Drepano and Neochori stations during the reproductive period of the
present study (N, number of individual; CI, confidence interval; + positive allometric growth
pattern; =, isometric growth pattern ).

Hivaxkag 2.10. Xvvteheotég g oyéong Mmiovc- Bdpovg tov apoevikdv, Onivkdv ot
ad1eVKPivioTon OAOL OTOU®Y TOL €idovg S. abaster ta omoio. GLAAEYTNKOV GTOVG GTAHUOVG TOV
Apemdvov kat tov Neoywpiov Katd Ty avarapoymyikn mepiodo g tapovoag perétn (N, apOpuodg
tov atopov; Cl, didotnpo sumictoodvig; + Oetikd adlopetpikn adénon; =, 1I6opeTPIKN oHENGN).

a b Allometry

Station Sex Month N Valie * z:sl% Value * sésl% R® Type Pvalues
May-Jun 19 0.98 0.01 3.76 048 097 * <.0.05

Males  Jul-Aug 23 0.93 0.01 3.11 054 097 = <.0.05

Sep-Oct 35 0.98 0.04 3.63 015 098 * <.0.001

May-Jun 23  0.95 0.01 3.25 020 096 t <.0.05

Drepano  Females Jul-Aug 25 0.96 0.02 3.41 0.26 094 t <.0.05
Sep-Oct 75  0.97 0.03 3.59 020 097 * <.0.001

May-Jun 20 0.88 0.03 2.87 026 095 = <.0.001

Unsexed Jul-Aug 26 0.87 0.02 2.70 029 099 = <.0.001

Sep-Oct 19 0.88 0.04 2.63 039 093 = <.0.05

May-Jun 7  0.95 0.01 3.33 145 089 = >0.05

Males  Jul-Aug 25 0.95 0.03 3.34 0.19 097 * <.0.001

Sep-Oct 6 0.99 0.01 4.34 101 086 * >.0.05

May-Jun 5  0.97 0.00 3.50 044 089 + >0.05

Neochori Females Jul-Aug 34 0.96 0.03 3.37 0.22 096 * <.0.001
Sep-Oct 17 0.96 0.03 3.41 021 096 + <.0.05

May-Jun 25 0.87 0.03 2.69 023 098 = <.0.05

Unsexed Jul-Aug 55 0.89 0.05 2.99 015 099 = <.0.001

Sep-Oct 8 0.88 0.04 2.97 019 091 = >.0.05
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Table 2.11. Factors affecting the length- weight relationship of S. abaster species caught in
Drepano and Neochori stations as shown by the results of the ANCOVA analysis in the present
study (F, values of significance test; P-values, level of significance *, interaction).

IMivoxag 2.11. Tapdyovieg mov emmpedlovv ™ Zxéon Mmnkovc-Bdapovg tov gidovg S. abaster
GUUPOVO, IE TO OmOTEAECHATA TNG AvAaAvong Alakduavong, amd GTOUe To OToio. GLAAEYTIKOV
o1ovg 6T00H00C T0 Apemdvov kat Tov Neoympiov katd ) didpkeia g mapovoag perémg (F, tyég
gAéyyov onuavtikdtrag; P-values, erinedo onuavtikdmrog, * aAinienidopaon).

Species Factor F P- values Partial Eta Squared R
TL 9354.887 0 0.914
Station 1.084 0.298 0.001
Sex 47.64 0 0.098
Month 2.972 0.007 0.02
Station * TL 1.125 0.289 0.001
S. abaster 0.974
Sex *TL 49.127 0 0.101
Month *TL 2.74 0.012 0.018
Station * Sex * TL 19.672 0 0.043
Station * Month * TL  1.209 0.299 0.008
Sex * Month * TL 2.969 0 0.039
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Figure 2.16. Total length-total weight relationship (mm, gr) of male, female and unsexed individuals of S. abaster species caught in Drepano and Neochori

stations during the reproductive period of the present study.
Ewova 2.16. Tyéon olkod uiKovg-oAkol Bapovg (MM, gr) apoevikdv, Inlukdv kot adlevkpiviotov @OAov atdéumv tov gidovg S. abaster ta omoia
GLAAEYTNKOV GTOVG 6TAOUOVG TOV ApeTdvoL Kot Tov Neoy®piov kaTd T SIEPKELD TG AVATAPOYDYIKNAG TEPIOOOV TG TOPOVGOC UEAETNC.
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2.3.1.7. Gonadosomatic Index (GSI)
Values of gonadosomatic index were higher in females than males in both stations

(Figure 2.17). In Drepano station, GSI of both sexes peaked in March-April period. The
lowest values for both sexes were recorded in November-December. The GSI of males and
females followed the same fluctuation pattern (Figure 2.17).

In Neochori station, the period with the highest values of GSI for females and
males did not coincide. Males’ index reached peak in May-June period while females’ in
March- April. The GSI pattern of the two sexes was antisymetrical i.e. when it rose for
females it fell for males and vice versa (Figure 2.17).

ANCOVA analysis showed that sex (15.3%), month-period (7.7 %), station (1.5%)
and the interaction of sex- moth and station-month-sex were the statistically significant
factors that influenced the GSI. On the other hand, the interactions of station-sex and
station-month were not significant (Table 2.12).
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Figure 2.17. Error bars of the variation of gonadosomatic index (GSI) for male and female
individuals of S. abaster species caught in Drepano and Neochori stations during the present study
(T-bars that extend from the points correspond to the standard deviation).

Ewcova 2.17. Awrypaupoto cQoApdTov e SLKOUOVGC TOV Yovadooouatikoy deikt (I'ZA) tov
APCEVIK®V Kot OnAvkdv atopmy tov gidovg S. abaster, to onoio. GLAAEYTNKAY GTOVG GTAOUOVS TOV
Apemdvov kot Tov Neoywpiov katd ) mapovca peAétn (ot ypappés oxfuatoc «T» avtiototyovv
OTNV TUTIKT OTOKAIGT) TOV OElyHaTOG).
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Table 2.12. Factors affecting the values of gonadosomatic index (GSI) of S. abaster species as
shown by the results of the ANCOVA analysis. The specimens used in the present study were
caught in Drepano and Neochori stations (F, values of significance test; P-values, level of
significance *, interaction).

Mivaxag 2.12. Tlapdyovieg mov emnpedlovv tov yovadocouatikod dgiktn (IZA) tov €idovg S.
abaster ocOupova pe To amoteléopata TG Avdlvong Xvvowkvpavons. Ta  dtopo mwov
ypNoonomdnKay o1n Tapovca HEAETNG CLAAEXONKAY ©TOLG GTafUOVG ToL Apemdvov Kot Tov
Neoywpiov (F, Tég eréyyov onuaviikdémrog, P-values, eminedo onpovikdémmrog, *
aAAnAeniopaon).

Factor F P-values Partial Eta Squared
Sex 67.323 0 0.153
Month 2.823 0.001 0.077
Month * Sex 2.219 0.013 0.061
Station * Month * Sex  4.056 0.001 0.052
Station 5.569 0.019 0.015
Station * Month 0.975 0.449 0.018

Station * Sex 0.019 0.889 0

2.3.1.8. Hepatosomatic Index (HSI)
Values of the hepatosomatic index, generally, were higher in females than males in

both stations (Figure 2.18). In Drepano station, the values of HSI of both sexes peaked in
the March-April period while the lowest values were recorded in the July- August. The
values of HSI displayed limited variance in both sexes (Figure 2.18).

In Neochori station, the highest values of HSI for females were recorded in May-
June period, while the lowest in January-February. Males’ index reached peak in
September-October period and low in May-June. Contrary to Drepano station, the values
of HSI displayed high variance in both sexes (Figure 2.18).

ANCOVA analysis showed that sex (6.7%), station (2.5%) and the interaction of
sex- moth, station- sex and station-month-sex were the statistically significant factors that
influenced the values of the HSI. On the other hand, the month and the interactions of
station-month were not statistically significant (Table 2.13).
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Figure 2.18. Error bars of the variation of the hepatosomatic index (HSI) for male and female
individuals of S. abaster species collected in Drepano and Neochori stations during the present
study (T-bars that extend from the points correspond to the standard deviation).

Ewcova 2.18. Awaypdppoto c@olpdtov g Slakbuaveng Tov nratocompotikol deiktn (HEA) tov
QPCEVIK®V Kot OnAvkdv atopmy tov gidovg S. abaster, to onoio. GLAAEYTNKAY GTOVG 6TAOUOVS TOV
Apemdvov kot Tov Neoywpiov katd ) mapovca perétn (ot ypopués oxnuatog «T» avtiotoryobv
OTNV TUTIKT OTOKALOT) TOV OElyHOTOG).

Table 2.13. Factors affecting the values of the hepatosomatic index (HSI) of S. abaster species
from specimens collected in Drepano and Neochori stations as showed by the results of the
ANCOVA analysis in the present study (F, values of significance test; P-values, level of
significance *, interaction).

Mivaxag 2.12. Topdyovteg mov emnpedlovv tov nmuatocopoatikd dgiktn (HEXA) tov &idovg S.
abaster oto dtoua mov cVAAEXONKA 6TOVG GTAOUOHE TOL Apemdvou Kot Tov Neoympiov cOpE®vVa
pe ta amoteléopata TG AvAaAvong Zuvolakvpavong tng mapovoag pedétng (F, tipég eréyyov
onuavtikottag; P-values, erinedo onuavtikotntag, * aAAnienidpoon).

Factor F P- values Partial Eta Squared
Month * Sex 2.775 0.002 0.076
Sex 26.799 0 0.067
Station * Month * Sex  3.441 0.005 0.044
Station 9.705 0.002 0.025
Station * Sex 6.96 0.009 0.018
Month 1.47 0.141 0.042
Station* Month 0.987 0.44 0.018

75



Number of individuals

2.3.1. Syngnathus typhle species

2.3.2.1. Population structure

A total of 724 specimens of S. typhle species were caught in Drepano (N=287) and
Neochori (N=437) stations during the present study. The relative abundance of sampled
specimens was not statistically different between the two stations (Mann- Whitney test: U=
92.500, p> 0.05). The number of sampled individuals between the examined periods was
statistically different in Neochori station (Kruskal- Wallis test population: H=12.249,
p<0.05), but did not differ in Drepano station (Kruskal- Wallis test: H=10.534, p>0.05)
(Figure 2.19). In particular, high abundances in Neochori station were recorded from May
until October. (Figure 2.19). The rest of the months were characterized by low numbers of
caught individuals (Figure 2.19). Between the two stations the only statistically significant
difference in the relative abundance was found in July-August period when the number of
Neochori specimens was marginally higher than Drepano’s (Kruskal- Wallis test: H=
3.857, p=0.05).

_| Drepano population: H=10.534, P>0.05 Neochori population: H=12.249, P<0.05
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Figure 2.19 Box plot of the average number of individuals of S. typhle species caught bimonthly in
Drepano and Neochori stations in the present study (H, Value of Kruskal-Wallis non parametric
test; P, level of significance, the middle bold black line within each box corresponds to the median
and the T-bars that extend from the boxes correspond to the standard deviation).

Ewéva 2.19. Onidypappa tov po. tov optfpod tov atopov tov gidovg S. typhle ta omoia
SLAAEYTNKAV avd Sipmvo otovg otafovg Tov Apemdvov Kot Tov Neoywpiov Katd tn didpkela Tng
napovcag ueréme (H, m tpnq tov un- mapapstpicod teot Kruskal-Wallis; P, eminedo
ONUOVTIKOTNTOG, N Hecaio Evtovn Ypauun Kade Onkoypappatog avtiotolyei 6to S1aUeECO, Kol Ot
YPOLLLLES GYNMLOTOG «T» otV TUTTIKT) OmOKALON OV delyparog).
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Table 2.14. Mean total length (TL mm) of male, female, unsexed and sexes combined individuals of S. typhle species caught in Drepano and Neochori
station in the present study (N, number of individuals; MTL, mean total length; Min, minimum total length; Max, maximum total length; St.Dev, standard

deviation of total length)

Mivaxag 2.3. Méoo olko pnkog (TL mm) tov apoevik®dv, INAvKdV, adlevkpivioTon GUAOL Kol Y10, TO GOVOAO TV oTOH®Y Tov gidovg S. typhle ta omoia
GLAAEYTNKAV 0TOVG GTaBOVG Tov Apemdvov kot Tov Neoywpiov katd 1 didpkela tng mapovcag HeAéne (N, apBuog atopmv; MTL, péco oAkd pnkog;
Min, ehdyioto olkd pfikog; Max, péyioto odkd punkog; St.Dev, tomiky omdKAon OMKOD HUiKovg).

Males Females Unsexed Total

Station Month N MTL Min Max St N MTL Min Max St N MTL Min Max St N MTL Min Max St
Dev. Dev. Dev. Dev.

Jan-Feb 95.0 95.0 95.0 0 0 1 95.0 95.0 95.0
Mar-Apr 1311 880 1720 253 15 1701 121.0 2430 412 1 40.0 40.0 40.0 23 1526 40.0 2430 461
May-Jun 32 1346 850 2370 344 34 1161 840 1930 270 9 68.0 53.0 780 095 75 1182 53.0 2370 351
Drepano Jul-Aug 25 143.0 104.0 2140 254 31 1297 804 1940 301 6 605 46.0 700 092 62 1284 46.0 2140 3.48
Sep-Oct 41 1315 730 2140 341 47 1392 800 2200 372 25 571 330 780 107 113 1182 33.0 2200 4.48
Nov-Dec 7 130.6 105.0 1550 149 5 1526 90.0 207.0 534 1 720 720 720 13 1345 720 2070 3.89
Total 113 1276 730 237.0 268 132 14154 800 243.0 378 42 5952 330 780 098 287 12448 33.0 2430 3.99
Jan-Feb 12 1325 1010 1570 177 15 135.6 102.0 181.0 222 27 1342 101.0 181.0 2.00
Mar-Apr 15 1432 770 1858 288 11 1258 987 1511 118 2 745 73.0 760 021 28 1314 73.0 1858 2.80
May-Jun 40 107.2 670 1630 272 16 1113 780 1660 328 36 584 420 730 081 92 88.8 420 166.0 3.28
Neochori Jul-Aug 45 1207 880 1870 260 50 1114 780 171.0 248 42 613 350 770 110 137 991 35.0 187.0 3.28
Sep-Oct 28 1171 800 1720 257 52 1130 740 1820 292 31 678 410 79.0 097 111 1014 410 1820 3.15
Nov-Dec 11 1325 860 1880 362 28 1180 770 1830 247 3 54,7 25.0 750 242 42 1172 25.0 188.0 3.28
Total 151 12553 67.0 1880 269 172 119.18 740 183.0 243 114 6334 250 79.0 1.10 437 112.02 250 188.0 297
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In both stations females were the most abundant (Drepano: N=132; Neochori:
N=172) while unsexed the least (Drepano: N=42; Neochori: N=114) (Table 2.14). The
population of Drepano composed of specimens from 33.0 mm (unsexed) to 243.0 mm
(female). At the same time, in the Neochori station the shortest individual was unsexed
(25.0 mm), while the longest male (188.0 mm) (Table 2.14). The total length of the
individuals of the two stations was statistically different (Mann-Whitney test: U=80.203,
p<0.001) with individuals from Drepano (mean TL= 123.8 mm, Std. error=0.25) being
longer than Neochori (mean TL= 103.5 mm, Std. error=0.17).

In Drepano station the mean body size of males, females and unsexed individuals
was 134.5 mm (St. error= 0.30), 135.5 (St. error= 0.33) and 60.0 mm (St. error=0.18)
respectively (Table 2.14). A bimonthly statistical significant difference was found in the
total length among females as well as in the total length among unsexed individuals
(Figure 2.20). In particular, Bonferoni correction showed that the largest female specimens
occurred in March-April period, while the smallest in May-June (Kruskal-Wallis test:
H=19.417, p<0.001). For unsexed individuals the opposite pattern was observed i.e. larger
individuals in May-June and smaller in January-February (Kruskal-Wallis test: H=9.808,
p<0.05).

In Neochori station the mean body size of males, females, and unsexed individuals
was 120.5 mm (St. error=0.24), 116.0 mm (St. error= 0.22) and 62.2 mm (St. error=0.11),
respectively (Table 2.14). Total length varied statistically among male, female and unsexed
specimens on a bimonthly bases (Figure 2.20). Bonferoni correction indicated that male
and unsexed specimens collected in March- April period and females collected in January-
February were longer than those collected in the rest of the months (Figure 2.20).

Between the individuals in Drepano and Neochori stations, the total length differed
significantly for males sampled in January- February, May-June and July- August periods.
Males from Neochori station were longer than Drepano in January-February samples,
while in the other two periods individuals in Drepano were longer (Figure 2.21). Female
individuals in Drepano station were longer than Neochori in March-April, July-August and
September-October periods (Figure 2.21). Unsexed individuals total length varied
significantly in May-June and September-October. In the first period, samples from
Drepano were longer than Neochori while in September-October the opposite pattern was
recorded (Figure 2.21). Within each sex, for the rest of the months, total length was not
significantly different between the individuals in Drepano and Neochori stations (Figures
2.21).
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Figure 2.20. Boxplot of the bimonthly variance of total length within the males, females and unsexed specimens of S. typhle species caught in Drepano
and Neochori stations in the present study (H, Value of Kruskal-Wallis non parametric test; P, level of significance, the middle bold black line within
each box corresponds to the median, the points are outliers, the asterisks are extreme outliers, the T-bars that extend from the boxes correspond to the
standard variation).
Ewova 2.20. Onkdypappo tng SUnviciog S1okHIOvoTg TOL OAKOD UAKOVS TOV OPCEVIKAOYV, ONADKAOV Kol adlevKpivioTov VAL aTOU®VY Tov gidoug S.
typhle ta omoia cvAAéyTnrav otovg otabuodc Tov Apemdvov kot Tov Neoywpiov, Katd T Sbpkew TG mapovoag ueiéme (H, n tunq tov un-
napapetpikov teot Kruskal-Wallis; P, eminedo onpoavtikotntag, n pecaio Eviovn ypoup Kabe Onkoypaupotog aviiotolyel 610 d1Gpueso, ot KOKAOL G
aKpaieg TIHES, Ol 0oTEPIOKOL G eENPETIKG aKpaieg TIHES Kal Ol YpoupES oynpatog «T» otnv TumikY| amdKAloT Tov OeiyuaTog).
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Figure 2.21. Boxplot of the
bimonthly variation of total length
(TL, mm) among males, females and
unsexed specimens of S. typhle
species caught in Drepano and
Neochori stations in the present study
(H, Value of Kruskal-Wallis non
parametric  test; P, level of
significance, the middle bold black
line within each box corresponds to
the median, the points are outliers,
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correspond to  the  standard
deviation).
Ewova 2.21. Onkdypappe g

Syunviaiog SloKOUOVOTNG TOV OALKOV
UAKOVE TOV OPOEVIKADV, ONAVK®V Kot
aO1EVKPIVIGTOL PUAOL OTOPMV TOV
gidoog S. typhle 10 omoia
GUAAEYTNKAY OTOVG GTAOUOVG TOV
Apemdvov kot Tov Neoywpiov katd
TN OdpKEID TNG TOPOVGOG UEAETNG
(H, n 7w tov un- mopouetptkon
teot  Kruskal-Wallis; P, eninedo
onuovTkoTNTag, M pecaio €viovn
YpOopUN KG0e OnKoypAuUaTOG
OVTIOTOlKEL 6TO OLAUESO, Ol KOKAOL
ce axpaieg TéC, ol aotepiokol o€
eCapeTikd okpaieg TWEG KOl Ol
ypoupée oynuatoc «T» ommv Tumikn
OTOKALGT] TOV OgiyUATOG).
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2.3.2.2. Sex ratio

The overall the sex ratio of S. typhle males (N=264) to females (N=304) remained
unbiased (G- test: g=2.82, p>0.05). However, the sex ratio of adult (N=568) to unsexed
(N=156) individuals was statistically different from 1:1 with adult specimens being the
most abundant (G- test: g=249.11, p<0.001) (Table 2.15).

In Drepano station, among sexually mature specimens (N=245), females (N=132)
outnumbered males (N=113) (Table 4.16). However, this difference was not statistically
significant in the examined period (G- test; g=1.48, p>0.05). (Tables 2.16, 2.3 in
Appendix). The overall ratio of adults to unsexed individuals was adult biased during the
present study (G- test: g=158.90 p<0.001) (Tables 2.16, 2.3 in Appendix).

In Neochori station, among sexually mature specimens (N=325), females (N=172)
were more abundant than males (N=151) (Table 2.16). This difference was significant in
the May- June, September-October and November-December periods while it remained
unbiased in the rest of the study (G- test: g=1.37, p>0.05) (Tables 2.16, 2.3 in Appendix).
The ratio of adult to unsexed specimens significantly deviated from the unbiased 1:1 ratio
(G- test: x°=104.17, p<0.001) (Tables 2.16, 2.3 in Appendix).
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Table 2.15. Number of individuals and overall sex ratio of males to females and adult to unsexed individuals of S. typhle species caught in Drepano and
Neochori stations in the present study (* level of significance p<0.05).

Mivexoeg 2.15. ApiBpog atdUmV Kot GUVOAKT avoAoYio, QUAALDV OPGEVIK®V TPOG ONAVK®V Kol EVAAMK®OV TPOG Ad1EVKPIVIGTOV GOUAOD ATOH®Y TOL £160VG S.
typhle ta omoio. cuAAEYTKOV 6TOVG 6TAOROVE TOV Apemdvov kat Tov Neoympiov katd TN SapKeEW THG TOPOVGOG HEAETNG (¥eminedo onuavTKOTNTOG
p<0.05).

M;Ies Fenlllales Ad’tlms Unslzxed Males:Females G- test Adult:Unsexed G- test
264 304 568 156 1:1.16 g=2.82, p>0.05 3.64:1* g=249.11, p<0.001

Table 2.16 . Number of individuals and bimonthly sex ratio of male to female and adult to unsexed specimens of S. typhle species caught in Drepano and
Neochori stations in the present study (* level of significance <0.05).

Mivakag 2.16. ApBpog atopmv kot dtpunviaio avoroyio OA®V TOV 0pceVIKOV TPog ONAVKAOV Kol EVAAMK®V TPOg adlEvKpivicTon GOAOL ATOU®V TOL €100V
S. typhle to onoia cLAAEYMKOV 6TOVG GTAOUODC TOL Apemdvov kat Tov Neoywpiov Katd T didpkelo TG mapovoag HeEAETNS (Feminedo onuavTIKOTNTOC
p<0.05).

Males Females Adults Unsexed

Station Month N N N N Males:Females G- test Adult:Unsexed G- test
Jan-Feb 1 0 1 0
Mar-Apr 7 15 22 1 1:2.14 22:1*
May-Jun 32 34 66 9 1:1.06 7.33:1*
Drepano Jul-Aug 25 31 55 6 1:1.24 0=1.48, p>0.05 9.33:1* 0=158.90 p<0.001
Sep-Oct 41 47 88 25 1:1.15 3.52:1*
Nov-Dec 7 5 12 1 1.4:1
Jan-Feb 12 15 27 0 1:1.25
Mar-Apr 15 11 26 2 1.36:1 13:1*
. May-Jun 40 16 56 36 2.5:1* 1.56:1*
Neochori 0=1.37 p>0.05 g=104.17, p<0.001
Jul-Aug 45 50 95 42 1:1.11 2.26:1*
Sep-Oct 28 52 80 31 1:1.85* 2.58:1*
Nov-Dec 11 28 39 3 1:2.54* 13:1*
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2.3.2.3. Operational sex ratio

Brooding males of S. typhle species were found both in Neochori and Drepano
stations from March-April period until the end of the October, signaling the duration of the
species reproductive period. They represented (N=122) 46.21% of all captured adult males
(N=264) of S. typhle species. During the breeding season, this percentage rose up to
52.79%.

In Drepano station during the reproductive period, brooding males (N=63) were
always more abundant than non-brooding (N=42). The ratio of non-brooding to brooding
males ranged from 1:1.13 to 1:1.92 (Table 2.17). However, this difference was statistically
significant only in the September- October period (G- test: g=4.23, p<0.05) (Tables 2.17,
2.4 in Appendix). The mean total length of brooding and non-brooding males varied along
the reproductive period (Table 2.18). However, this difference was statistically significant
only in the September- October period, with brooding males being longer than non-
brooding (Kruskal- Wallis test: H=5.146, p<0.05 (Table 2.19a).

The operational sex ratio (OSR) was estimated as the ratio of non-brooding to
active female individuals across the breeding period. The ratio varied from 1:27 to 1:5 and
was significantly female- biased throughout the reproductive period (G- test: g=44.77,
p<0.001) (Table 2.17, 2.4 in Appendix). The total length of non-brooding and female
individuals was statistically different in September- October period (Kruskal- Wallis test:
H: 4.063, p<0.05), with females being longer than non-brooding males (Table 2.18, 2.19b).

In Neochori population, non-brooding males (N=69) outnumbered broodings males
(N=59) in all months of the reproductive season except from the July-August period (Table
2.17). The ratio of non-brooding to brooding males ranged from 1:1.65 to 3:1 and it was
statistically significant in the July- August and September- October periods (Table 2.17).
However, the overall ratio of brooding to non-brooding males did not deviate from the
unbiased 1:1 (G- test: g=0.78, p>0.05) (Tables 2.17, 2.4. in Appendix). The mean total
length of brooding and non-brooding males in both stations varied along the reproductive
period (Table 2.18). However, this difference was statistically significant only in the
begging (Mach-April) and the end (September- October) of the reproductive season, with
brooding males being longer than non-brooding (Table 2.19a).

The operational sex ratio of non-brooding to active females individuals across the
breeding period varied from 1.38:1 to 1:2.94 and overall was significantly female-biased
(G- test: g=18.47, p<0.001) (Table 2.17). More specifically, it was female biased in July-
August period, but it was male biased in the May-June (Tables 2.17, 2.10 in Appendix).
Even though the total length of female and non-brooding individuals varied in the
reproductive season, this variance was not statistically significant (Table 2.19b).
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Table 2.17. Number of female, brooding and non-brooding male specimens as well as ratio of brooding to non-brooding males and non-brooding to female
individuals of S. typhle species caught in the station of Drepano and Neochori during the breeding period of the present study (* level of significance

<0.05).

Hivaxkag 2.17. ApBudg BnAvkdv, Kvoeopouvi®Vv Kol Un- KLOPOPOOVI®V OPGEVIKAV atdpmV KoBdS Kot 1 avoioyio KvoQopoOvI®mVv MG TPOS -
KLDOPOPOHVIMV APCEVIKMDY ATOUMV Kol KDOPOPOOVI®V OPCEVIKOV MG TPog Inlukdv atdouwny tov gidovg S. typhle ta omoia cuAléymKav ctovg oTadovg
0V Apemdvov Kot Tov Neoympiov Kotd v avamapoyoyikn tepiodo tng napovoag perég (*erinedo onuaviikotnrag < 0.05).

Females - i
Station Month  Non-brooding Brooding Non-brooding: Brooding males G- test Non t_)roodmg G- test
males: Females
N N N
Mar-Apr 3 4 15 1:1.33 1:5*
May-Jun 15 17 34 1:1.13 1:2.27*
Drepano 0=4.23, p<0.05 g=44.77, p<0.001
Jul-Aug 10 15 31 1:1.5 1:3.1*
Sep-Oct 14 27 47 1:1.92* 1:3.36*
Mar-Apr 9 6 11 1.5:1 1:1.22
. May-Jun 22 18 16 1.22:1 1.38:1
Neochori g=0.78, p>0.05 0=18.47, p<0.001
Jul-Aug 17 28 50 1:1.65* 1:2.94*
Sep-Oct 21 7 52 3:1* 1:2.48*
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Table 2.18. Mean total length (TL mm) for the bimonthly samples of brooding and non-brooding males and females of S. typhle species caught in Drepano
and Neochori stations in the breeding period of the present study (N, number of individuals; MTL, mean total length; Min, minimum total length; Max,

maximum total length; St.Dev, standard deviation of total length)

Mivexoeg 2.18. Méoo olkd punkog (TL mm ) tov Siunviciov SE1ypaTov Tmv KhopopodvImV Kol UN-KVOPOPOLVI®OV 0PGEVIKAV Kol ONAVKOV atdpunv Tov
gidovg S. typhle ta omoio, cuALEY KAV 6TOVG 6TAOUOOEC TOL Apemdvov Kat Tov Neoy®piov KoTd TV ovamapaymyikn tepiodo g mapovoag perétng (N,
ap1Opog atopmv; MTL, péco olikd uikog; Min, eldyioto ohkd pikog; Max, péyioto olko prikog; St.Dev, tumikn andkion oMkoh UNKoVG).

Non-Brooding Males Brooding males Females

Station Month N MTL Min Max  St.Dev N MTL Min Max St.Dev N MTL Min Max  St.Dev
Jan-Feb 1 95.0 95.0 95.0
Mar-Apr 129.0 88.0 172.0 4.20 4 132.8 121.0 150.0 1.27 15 170.1 121.0 243.0 4.21
May-Jun 15 124.8 85.0 204.0 3.20 17 143.2 105.0 2370 3.74 34 116.1 84.0 193.0 2.80

Drepano Jul-Aug 10 1414 1040 2140 2.88 15 144.0 1050 197.0 2.53 31 129.7 80.4 194.0 3.14
Sep-Oct 14 114.9 73.0 198.0 3.31 27 140.1 97.0 214.0 3.33 47 139.2 80.0 220.0 3.80
Nov-Dec 7 130.6 105.0 155.0 1.54 5 152.6 90.0 207.0 5.51
Total 50 122.6 73.0 214.0 3.03 63 140.0 97.0 237.0 2.72 132 170.1 80.0 243.0 3.89
Jan-Feb 12 1325 101.0 157.0 1.85 15 135.6 102.0 181.0 2.31
Mar-Apr 9 127.4 77.0 169.9 2.80 6 167.0 155.6 185.8 1.13 11 125.8 98.7 151.1 1.25
May-Jun 22 101.2 67.0 163.0 2.89 18 1145 81.0 156.0 2.68 16 111.3 78.0 166.0 3.43

Neochori  Jul-Aug 17 111.9 88.0 166.0 2.28 28 126.1 94.0 187.0 2.82 50 111.4 78.0 171.0 2.57
Sep-Oct 21 109.5 80.0 172.0 2.14 7 139.7 93.0 167.0 3.02 52 113.0 74.0 182.0 3.04
Nov-Dec 11 132.5 86.0 188.0 3.79 28 118.0 77.0 183.0 2.58
Total 92 119.2 67.0 188.0 2.83 59 136.8 81.0 187.0 3.03 172 119.2 74.0 183.0 2.79
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Table 2.19. Bimonthly results on the non-parametric Kruskal-Wallis test for the variance of total
length between a) brooding and non-brooding and b) non- brooding male and female specimens of
S. typhle species caught in Drepano and Neochori stations in the breeding period of the present
study (N, number of specimens; H, Value of Kruskal-Wallis non parametric test; p, level of

significance).

Mivakog 2.19. Aymvicia amotedéopoto Tov un mopopetpikod eléyyov Kruskal-Wallis yu
SaKOHaVOT TOL OMKOD HAKOLG TOV &) KLOPOPOOVTIOV KaL [T OPCEVIK®OV Kat b) un-kvopopodviov
APCEVIKDV Kot ONAVK®V atopmv tov gidovg S. typhle ta omoio cuAAéyTnKOY 6TOVE GTAOUOVG TOV
Apemdvov kot Tov Neoympiov kKatd TNV ovamopoy®ytky mepiodo Tng mapovcag MeAétng (&, o
apipog v atépov; H, m i tov pn- mapapetpikov teot Kruskal-Wallis; p, eminedo

ONUOVTIKOTNTOG).
a)
Station month N H P-values
Mar-Apr 7 0.001 p>0.05
May-Jun 32 1.798 p>0.05
Drepano
Jul-Aug 25 0.443 p>0.05
Sep-Oct 41 5.146 p<0.05
Mar-Apr 17 7.374 p<0.05
. May-Jun 40 2.937 p>0.05
Neochori
Jul-Aug 45 2.963 p>0.05
Sep-Oct 28 4.399 p<0.05
b)
Station Month N H P-values
Mar-Apr 18 1.856 p>0.05
May-Jun 51 1.018 p>0.05
Drepano
Jul-Aug 46 1.228 p>0.05
Sep-Oct 74 4.063 p<0.05
Mar-Apr 18 0.036 p>0.05
. May-Jun 34 1.135 p>0.05
Neochori
Jul-Aug 78 0.044 p>0.05
Sep-Oct 59 0.021 p>0.05
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2.3.2.4. Length classes

The bimonthly size frequency distribution of mature and unsexed specimens of
Drepano and Neochori stations is shown in Figure 2.22. In both stations, the occurrence of
four length classes indicated four cohorts per year. The first cohort consisted mainly of
unsexed and a few adult individuals with total length (TL) shorter than 80 mm (0+). The
second, third and fourth cohorts consisted of adult individuals with total length (TL)
shorter than 120 mm (1+), 160 mm (2+), and larger than 190 mm ( > 2+) respectively .

In Drepano station all cohorts were present in all of the examined periods, besides
the January- February. The second and third cohorts were present in higher numbers than
the first and fourth (Figure 2.14). Therefore, adult individuals were present throughout the
year and in higher abundance than unsexed. The highest abundance of the first cohort was
recorded in the September- October period and the smallest unsexed individuals (less than
50 mm) appeared in the March- April (April), July- August and September- October
(October) periods (Figure 2.14). The forth cohort was observed in high abundances in the
March- April period (Figure 2.14).

In Neochori station all cohorts were present in all of the examined periods, besides
the absence of the first cohort in the January- February period (Figure 2.14). The forth
cohort was present in lower abundance than the other three (Figure 2.14). In the March-
April period it constituted only of male individuals whereas in the rest of the examined
periods it was composed both by males and females (Figure 2.14). High abundance of the
first cohort was recorded in the May- June, July- August and September- October periods.
The smallest unsexed individuals (less than 50 mm) appeared in the November- December
(November) period (Figure 2.14). The second and third cohorts were in high abundances
all over the year and they composed both by males and females (Figure 2.14).
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Figure 2 .22. Per cent frequency distributions of total length (mm) of S. typhle species caught in
Drepano and Neochori stations in the present study (unsexed specimens: white colored; males:

light gray colored; Females: dark grey- colored).

Ewova 2.22. Tlocootiaio ouyvOTnTo KATOVOUNG TOV OATKOD UNKOLG (MM) ToV oTOU®V TOV €1000¢
S. typhle ta omoion cuAAEyTKAV 6TOVG 6TAOUODE TOL Apemdvov kat Tov Neoywpiov katd TN
Tapovoo PeAéTn (adlevkpivioton EOAOL ATOU: AEVKO PO, OPCEVIKA: ovoytd ykpt, Onivkd:

GK0VPO

YKpL).
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2.3.2.5. Size at maturity (Lso)

Logistic regression model estimating Lso correctly classified 98.7% of males
(Hosmer and Lemeshow goodness of fit test: d.f. = 8, p > 0.05) and 100% of females
(Hosmer and Lemeshow goodness of fit test: d.f. = 2, p > 0.05) from Drepano station
(Table 2.20). At the same time, males and females from Neochori station were 97%
(Hosmer and Lemeshow goodness of fit test: d.f. = 8, p > 0.05) and 98.3% (Hosmer and
Lemeshow goodness of fit test: d.f. = 6, p > 0.05) correctly classified, respectively (Table
2.20).

Lengths at 50% maturity of males and females of S. typhle species from Drepano
station did not vary (76.1 mm and 75.5 mm respectively) (Figure 2.23). However, the slope
of logistic equation was steeper (almost vertical) in females than males. Therefore, females
in Drepano station reached maturation length faster than males In Neochori station Lsg
showed that females reached maturation size slightly faster than males (73.7 mm and 75.2
mm respectively) (Figure 2.23). However, the above observed differences were not
statistically important.

Table 2.20. Classification results for the cross-validation procedure of logistic regression model
estimating Lso of male and female specimens of S. typhle species caught in Drepano and Neochori
stations in the present study.

Mivakag 2.20. Eravotonofétnon tov omoTteAeoUAT®OV TOL HOVTEAOL AOYIGTIKNG TOALVOPOUNGNG
Yoo ™V ektipnon tov Lsy tov apoevikdv kot Onivkdv atopmv tov gidovg S. typhle o omoia
GLAAEXTNKOV 0TOVG 6TaBOVG TOV Apemdvov Kat Tov Neoywpiov 6Ty mopodca HEAET.

Predicted sex status
Station Sex Recorded Nagelkerke R?
sex status |mmature Mature Percentage
Immature 41 0 100.0
Males Mature 2 111 98.2 0.96
Overall 98.7
Drepano
Immature 41 0 100.0
Females Mature 0 132 100.0 1
Overall 100.0
Immature 113 1 990.1
Males Mature 7 144 95.4 0.933
. Overall 97.0
Neochori
Immature 112 2 98.2
Females Mature 3 169 98.3 0.959
Overall 98.3
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Figure 2.23. Logistic regression curves for the estimation of the Ls, for male and female
individuals, of S. typhle species caught in Drepano and Neochori stations during the present study
(The interception of the horizontal line and the regression curve correspond to the Ls).

Ewova 2.23. KapmdAn AoyloTikig TaAvdpounong yio v ektiunomn tov Lsy tov apoevikedv kot
Ontukdv atdpwv tov gidoug S. typhle ta omoia cuAAEyTKOV 6TOVG GTAOUOLS TOV Apemdvov Kot
tov Neoywpiov omv mapovca perétn (To onueio toung g oploviog YPOUUNG Kot NG

OlYHOEIONG KopmOANG avtiototyel 6to Lsg ).
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2.3.2.6. Length-weight relationship (LWR)

The length-weight relationship was estimated for male, female and unsexed
individuals of S. typhle species during the months with the highest abundances, i.e.
reproductive season (May-October) (Table 2.21, Figure 2.24). ANCOVA analysis
indicated that all the examined parameters (sex, station, and period) were statistically
important in the LWR (Table 2.22). However, the effect of station and its interaction with
standard length were marginally significant (p=0.05). The most important parameters that
affected the LWR were: i) sex (15.6 %), ii) total length, TL (9.45 %), iii) month (3.7 %)
and their interactions iv) (sex * TL: 14.8 %; sex * month * TL: 3.8 %; month * TL: 3.6 %j;
station * month * TL: 1.9 % and station * sex* TL: 1.1 %).

In both stations males and females had higher b-values than unsexed specimens
(Table 2.21, Figure 2.24). Based on the above mentioned observed b- values, males and
females in both stations exhibited positive allometric growth pattern, while unsexed
specimens isometric pattern (Table 2.21).

Table 2.21. Parameters of the length-weight relationship for male, female and unsexed individuals
of S. typhle species caught in Drepano and Neochori stations during the reproductive season of the
present study (N, number of individual; CI, confidence interval; +, positive allometric growth
pattern; =, isometric growth pattern ).

Mivakag 2.21 Xvvieheotéc g oyéong Mmkovg- Bapovg tov apoevikdv, Onivkov kot
adlevKpiviotov eOHAOL atép®V Tov €idovg S. typhle to omoion cLAAE KAV 6TOVG GTABUODE TOL
Apemdvov kat tov Neoywpiov katd TV ovamopoymyikn mepiodo g tapovoag perétn (N, apOpuodg
v atopov; Cl, stdotnua epumiotoodvg; +, Oetikd adllopetpiky avénon; =, icouetpikn avénon).

a b ) Allometry

Station Sex Month N R
Value +95% CI Value =+95% CI Type P values

May-Jun 32  0.98 0.01 3.60 0.41 0.98 + <.0.001

Males
Jul-Aug 25 0.98 0.01 3.69 0.54 0.97 + <.0.001
Sep-Oct 41 0.98 0.03 3.60 0.21 0.95 + <.0.001
Drepano May-Jun 34  0.96 0.01 3.34 0.32 097 +  <.0001
Females Jul-Aug 31 0.95 0.03 3.23 0.19 0.95 + <. 0.001
Sep-Oct 47 0.96 0.02 3.34 0.27 0.99 + <.0.001
May-Jun 9  0.77 0.01 2.30 0.53 0.90 - >0.05
Unsexed Jul-Aug 6  0.86 0.03 2.61 0.26 0.91 - >0.05
Sep-Oct 25 0.93 0.01 3.05 0.38 0.95 = < 0.05
May-Jun 40 0.98 0.03 3.61 0.20 0.95 + <0.001
Males
Jul-Aug 45 0.98 0.03 3.67 0.19 0.95 + <.0.001
Sep-Oct 28 0.98 0.04 3.74 0.16 0.92 + <.0.001
Neochori May-Jun 16  0.97 0.03 3.47 0.21 0.97 + <0.05
Females Jul-Aug 50 0.97 0.04 3.48 0.16 096 + <. 0.001
Sep-Oct 52  0.97 0.06 3.50 0.11 0.98 + <.0.05
May-Jun 36 0.91 0.01 291 0.41 0.98 = <.0.001
Unsexed Jul-Aug 42 0.91 0.03 2.90 0.23 0.97 = <. 0.001
Sep-Oct 31 0.91 0.04 291 0.17 0.98 = <.0.05
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Table 2.22. Factors affecting the length- weight relationship of S. typhle species from Drepano and
Neochori populations as shown by the results of the ANCOVA analysis in the present study (F,
values of significance test; P-values, level of significance *, interaction).

IMivakog 2.22. TTapdyovteg mov emmpedlovv tn Zyéon Mnkovg-Bdapovg tov &idovg S. typhle
GUUPOVO, UE TO, ATOTEAEGHOTA TG AVAAVOTG ALOKOIOVONG, 0O SEIYUATO TOL GUAAEYTNKAY GTOVG
otafpovg o Apemdvov kot Tov Neoympiov katd tn didpkewn g mapovoag perétng (F, tipég
eLEYyoL onpavtikotntag; P-values, eninedo onpaviikomrog, * aAinienidpacn).

Factor F P- values ggzg?éfta R’
TL 15082.62 0 0.945

Station 3.848 0.05 0.004

Sex 80.539 0 0.156

Month 5.55 0 0.037

Station * TL 3.836 0.05 0.004

Sex * TL 75.388 0 0.148 0.963
Month * TL 5.463 0 0.036

Station * Sex * TL  4.798 0.008 0.011

?tf“on *Month ™, 759 0.012 0.019

Sex*Month * TL  2.839 0.001 0.038
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Figure 2.24. . Total length-total weight relationship (mm, gr) of male, female and unsexed individuals of S. typhle species caught in Drepano and
Neochori stations during the reproductive period of the present study.

Ewova 2.24. Zyéon olkod ufkovg-oAtkod Bapovg (Mm, gr) apoevikdv, nlokdv katl adievkpivioton evlov otopmv tov gidovg S. typhle ta omoia
GLAAEYTNKOV 0TOVG 6TaOpOVG TOV ApemdvoL Kat Tov Neoywpiov Katd T SAPKELL TG AVOTAPOYOYIKNG TEPLOGOL TG TAPOVGOS LEAETNG.
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2.3.2.7. Gonadosomatic Index (GSI)

Values of gonadosomatic index were higher for females than males in both stations
(Figure 2.25). In Drepano station, GSI of females peaked in March-April period (March)
while of males’ peaked in January-February (end of February) period. The lowest values
for males were recorded in the July-August and for females in the September-October
periods. The variance of GSI of males was lower than females (Figure 2.25).

In Neochori station, the periods with the higher GSI values for females were
March-April and July-August while the periods with the lowest values were November-
December. Males’ index reached peak in May-June month and low in January-February.
As in the case of S. abaster species, the GSI pattern of the Neochori station was
antisymetrical i.e. the highest values for females were recorded when the lowest values
were observed for males and vice versa (Figure 2.25).

ANCOVA analysis showed that sex (31.9%), month (9.0 %), the interaction of
month and sex (7.5%), station and month (0.4%) and the interaction of sex, month and
station were the statistically significant factors that influenced the GSI. The station-
parameter was not significant (Table 2.23).
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Figure 2.25. Error bars of the variation of gonadosomatic index (GSI) for male and female
individuals of S. typhle species caught in Drepano and Neochori stations during the present study
(T-bars that extend from the points correspond to the standard deviation).

Ewcova 2.25. Awrypapupoto cQoApdTov TG SIKOUOVOTS TOV Yovadooouatikod deiktn (IZA) tov
APCEVIKMVY Kol OnAvkdv atoumy tov gidovg S. typhle, ta omoio. cuAAEYTKAY 6TOVG GTAOUOVE TOV
Apermdavov kot Tov Neoympiov katd tn mapovoo peAétn (ot ypouués oynpotog «T» avtiotoryodv
OTNV TUTIKT OTOKAIOT) TOV OElyHOTOG).
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Table 2.23. Factors affecting the values of gonadosomatic index (GSI) of S. typhle species as
shown by the results of the ANCOVA analysis. The specimens used in the present study were
caught in Drepano and Neochori stations (F, values of significance test; P-values, level of
significance *, interaction).

Mivaxag 2.23. Tlapdyovieg mov emnpedlovv tov yovadocopatikd degiktn (I'ZA) tov &idovg S.
typhle ocOupova pe to amotedéopato g Avdivong Zvvdlokvpovong. Tao  dtopo  mov
ypnoonomdnKay otn Tapovca HEAETNG CLAAEXONKAY oTovS 6TaBRODS Tov Apemdvov Kol TOL
Neoywpiov (F, tég eréyyov onuavtikoémrog, P-values, eminedo onpovikdémmrog, *
aAAnAemiopaon).

Partial
Factor F P-values Eta
Squared
Sex 216.771 0 0.319
Month 4.169 0 0.09
Month * Sex 3.77 0 0.075
Station * Month * Sex 4.831 0 0.05
Station * Month 3.153 0.003 0.045
Station * Sex 1.984 0.16 0.004
Station 0.353 0.553 0.001

2.3.2.8. Hepatosomatic Index (HSI)
Values of hepatosomatic index, generally, were higher in females than males in

both stations (Figure 2.26). In Drepano station, the values of HSI of females and males
peaked in the November-December period. The lowest value for females was recorded in
the September-October while for males in the March-April period (Figure 2.26).

In Neochori station, the highest value of HSI for females was recorded in the
March-April period while the lowest in the September-October. Males’ index reached peak
in the January-February period and low in May-June. The values of HSI displayed
restricted variance in both sexes (Figure 2.26).

ANCOVA analysis revealed that sex (31.9%), month (9%) and the interactions of
sex, moth and station were the statistically significant factors that influenced the HSI. On
the other hand, the station and its interaction with sex were not significant factors affecting
the hepatosomatic index (Table 2.24).
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Figure 2.26. . Error bars of the variation of hepatosomatic index (HSI) for male and female
individuals of S. typhle species caught in Drepano and Neochori stations during the present study
(T-bars that extend from the points correspond to the standard deviation).

Ewéova 2.26. Adypappoto c@olpdtov g dtakbuavong tov nratosopatikol oeiktn (HXA) tov
apoevIK®V OnAvkodv atdoumv tov gidovg S. typhle ta omoia cvAAEy KAV 6TOVG GTAOUODC TOV
Apemdvov kot Tov Neoywpiov katd ) mapovca perétn (ot ypopuég oxnuotog «T» avtiotoryobv
GTNV TUTIKT ATOKAIGT TOV OelyaTOG).

Table 2.24. . Factors affecting the values of hepatosomatic index (LSI) of S. typhle as shown by the
results of the ANCOVA analysis. The specimens used in the present study were caught in Drepano
and Neochori stations (F, values of significance test; P-values, level of significance *, interaction).
IMivaxkag 2.24. Tlapdyovieg mov ennpedlovv Tov nrotocouatikd deiktn (HEZA) tov gidovg S. typhle
GUUPMOVO, [LE TO, OTOTEAECUATO, TG AVAAvong Zuvolakvpovone. To dtopo mov ypnopuomomonkay
o0TN TaPovoa PEAETNG GLAAEYONKOV 6ToVG oTafovS Tov Apemdvov kot tov Neoywpiov (F, tipég
eLEYoL onpavtikotntag; P-values, eninedo onuaviikotnrog, * aAnienidpaon).

Partial
Factor F P-values Eta

Squared
Sex 216.771 0 0.319
Month 4.169 0 0.09
Month * Sex 3.77 0 0.075
Station * Month * Sex 4.831 0 0.05
Station * Month 3.153 0.003 0.045
Station * Sex 1.984 0.16 0.004
Station 0.353 0.553 0.001
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2.4. DISCUSSION
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The results of the analysis suggest the existence of established breeding populations
of S. abaster and S. typhle species in Drepano and Neochori stations with no evidence of
interspecific competition. The examined biological features of the two species in Drepano
and Neochori station are discussed in the following pages.

2.4.1. Syngnathus abaster species

S. abaster individuals were present all year around in Drepano and Neochori
stations in relatively equal numbers (Figure 2.13). As already discussed the dominant
vegetation types in Drepano and Neochori station are Cymodocea nodosa (sparse and
patchy seagrass beds) and Posidonia oceanica (dense vegetation) respectively (Materials
and Methods part of the present chapter). Malavasi et al. (2007) showed that S. abaster
species in Venice lagoon prefer sites dominated by dense eelgrass while Kendrick and
Hyndes (2005) indicated that syngnathids prefer dense vegetation than sparse one. The
lack of deviation in the species abundance in two ecosystems of different type and density
of vegetation indicates that the species abundance in the N. lonian Sea was regulated by
other environmental and abiotic factors than vegetation. Thus, the appropriate habitats for
these fishes may not be determined simply by the presence or type of vegetation.

As shown, the species abundance differed during the study in both stations (Figure
2.11). More specifically, during winter months when the temperature was low, the species
numbers were in low levels too (despite the fact that data from two consecutive years were
merged). As water temperature increased from winter lows to spring, more individuals
appeared in the collection sites, climaxing during late summer and early autumn period.
This fluctuation in the species abundance indicates that during winter months (when a huge
part of the seagrass died, water temperature fell, food became spare and environmental
conditions became harsh i.e. strong wave activity, currents and turbidity) the populations
migrated to more protected areas (deeper, warmer waters outside of the sampling range of
the present study) for overwintering. During spring, summer and early autumn months
(when the seagrass community revived, water temperature rose and environmental
conditions became milder) the sublittoral zone provided, again, a sheltered environment
with high food supplies for adult and juvenile specimens. Seasonal migration is a common
strategy among temperate syngnathids (e.g. Lazzari and Able 1990; Cambel and Able
1998; Bolland and Boettcher 2005; Ripley and Foran 2006) and has also been observed in
populations of S. abaster in the Adriatic Sea (Franzoi et al 1993, Riccato et al. 2003).
However, against the general pattern some individuals were found in the sublittoral zone in
winter months. This could either be a random event (e.g. some individuals left behind or
got carried in the seashore by the waves) or could be an indication that some adult
individuals of S. abaster remain within the sublittoral zone year-round. Such an exception
was also observed in Hippocampus guttulatus population in Ria Formosa lagoon (Portugal)
(Curtis and Vincent 2006)
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S. abaster consisted of two length classes in both stations, indicating that the
species lifespan exceeded 12 months and was probably around 18-20 months, similarly to
the Adriatic Sea population (Franzoi et al. 1993). During winter months there was not
recorded a significant change in length of unsexed individuals compared to the rest of the
sampling periods. This fact could be attributed to the prolonged reproductive period and/or
to a slow growth rate during the overwintering period in deeper waters. A lack of growth
during winter months is common for many other temperate fishes (Szedlmayer et al. 1992;
Keefe and Able 1993). This lack of growth and the reduction in the number of smaller
individuals (< 70 mm TL) from fall to spring suggested overwinter mortality, which has
also been reported for S. abaster species in the Venice lagoon (Franzoi et al. 1993) but also
for Syngnathus scovelli (Campbell and Able 1998).

Among adult individuals both sexes in both stations displayed a positive allometric
growth pattern. An allometric growth pattern was also, observed in the population of
Strymon Estuaries (N. Aegean Sea) (Koutrakis and Tsikliras 2003). The steep (almost
vertical in some cases) slopes in the logistic equations for the estimation of the Ls in both
stations could be explained in the context of an opportunistic or intermediate life strategy
(King and. McFarlane 2003). In particular S. abaster as a short-lived species has cannot
afford to delay maturation. Thus, most of its specimens mature within the first year in a
relatively similar size (Franzoi et al. 1993; King and. McFarlane 2003). However, in order
to characterize a species as opportunistic or intermediate strategist more data on its growth
rate, maximum size and fecundity are needed (King and. McFarlane 2003).

S. abaster individuals matured and were ready to reproduce when they reached
approximately 70 mm. Reproduction period started in early spring (March or April) and
lasted until early October (the reasons supporting the start and the end of the reproductive
period are discussed below). The same duration was also recorded in S. abaster
populations from the Adriatic Sea and the Ria Fermossa (Portugal) (Riccato et al. 2003;
Silva et al. 2006a) but also in populations of Syngnathus acus from the S. Aegean Sea
(Gurkan et al. 2009). Compared to the Central and N. European syngnathid populations
(Berglund 1991; Vincent et al. 1994; 1995), the reproductive period of S. abaster in the N.
lonian Sea is almost twice as long. Water temperature is known to be the predominant
factor controlling both the starting of the reproductive period and the breeding cycle of
syngnathids (e.g. Berglund 1991; Bolland and Boeticher 2005; Silva et al. 2007; 2010).
The temperatures recorded in the present study are higher than those recorded in the
studies of Berglund (1991) and Vincent et al. (1994; 1995) Therefore, the high water
temperature could be a reason for the extended reproductive period in the N. lonian Sea
populations of S. abaster species. However, this conclusion needs to be tested with
contemporary data on the populations of the N.C. Mediterranean and European coastline

The beginning of the reproductive season was evident by the following factors:
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Females GSI peaked in March indicating that females had formed ripped ovaries
and were ready to reproduce. In the same period, males’ index rose also, indicating
that brood pouches were ready to accept eggs.

In females, increase in HSI values corresponded to increased production of proteins
associated with the development of the ovaries; vitellogenin (an egg yolk precursor
protein) (Henderson et al. 1996; Gutjahr-Gobell et al. 2002). Also HSI is an
estimator of the energy status of the fish (Wootton et al. 1978; Campbell and Love
1978). Therefore, the high values of HSI for both sexes in the March-April (March)
period indicated that females and males were ready for the energy demanding
process of reproduction and male pregnancy (osmoregulation, nutrition and
protection of the eggs and the embryos).

During the late autumn and winter months (November-February), males brood
pouch was undeveloped. At the beginning of spring (March) the pouch was shaped
but in the captured males was still empty. Brooding males were captured in the
May-June (May) period. Given that male pregnancy lasts a little more than one
month, these brooding males must have copulated in late March or early April.

In Drepano station unsexed specimens were present all year long even in the
January- February period. However, in the beginning of the spring their total length
(28 mm) was smaller than winter’s (58 mm). Silva et al. (2006a) showed that the
newborn juveniles of S. abaster are approximately 20 mm long. The length of the
unsexed individuals combined with the absence of brood pouch in the winter
months of the present study, indicated that the unsexed specimens collected in the
March- April period (April) were the first young of that year’s reproductive period
(YOY). Therefore, these juveniles must have been conceived in the beginning of
March, signaling the beginning of the reproductive period. The unsexed specimens
observed during winter months were juveniles born in last year’s reproductive
period and had not yet matured.

In Neochori station unsexed specimens were present from March-April period to
November-December. For the same reasons explained for Drepano station the first
YOY were recorded in the May-June period (beginning of May) and thus, must
have been conceived in the beginning of April or the end of March.

During the reproductive period the operational sex ratio of both populations was

female biased. This outcome was expected as female biased operational sex ratio is an
indicator of sex role reversal (Clutton- Brock and Vincent 1991). All of the European
populations of S. abaster studied so far are female biased (Silva et al. 2006b; Cunha 2012,
Hubner et al. 2013) and the populations from Drepano and Neochori were not an
exception. The absence of length sexual dimorphism was also expected as S. abaster is a
“mild” sex-reversed species, whose populations show moderate signs of sexual selection
(Silva et al. 2006b).
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However, an unexpected outcome was the absence of length difference between
brooding and non-brooding males. This fact is incompatible with the reproductive pattern
of S. abaster and European pipefishes in the so far studied populations i.e. in the beginning
of the reproductive period, both sexes prefer larger partners while smaller males and
females are neglected (Berglund et al. 1986, Berglund and Rosengvist 1993, Silva et al.
2009). However, in the population of N. lonian Sea that pattern was observed.
Temperature is one of the main factors affecting sexual selection (Kvarnemo 1996;
Kvarnemo and Ahnesjo 1996; Andersson and Iwasa 1996). The prolonged reproductive
period (due to the high temperatures) observed in the N. lonian Sea most possible provided
both small and large males the opportunity to mate at any point of the reproductive cycle,
without any hurry. This possible absence of time pressure for both males and females
could have led to the lack of a size-guided reproduction pattern throughout the
reproductive period (Mobley et al. 2013).

Furthermore, gonadosomatic index differed between the individuals of the two
stations. More specifically GSI of both sexes in Drepano station peaked in March remained
in high levels during summer months and then fell. In Neochori station, females and males
index peaked twice. For females, the first peak was recorded in the begging of the spring
(March) and the second in the summer (July and August) period. For males the two peaks
occurred in the end of Spring and the beginning of autumn. A possible reason for that
difference could be the synchronization —or not- of male pregnancy (Vincent et al. 1994;
Sogabe and Yanagisawa 2007). Specifically, in the beginning of the reproductive period,
specimens arrived in the shore to breed (Vincent et al. 1994). Almost all individuals of
both sexes were ready to mate simultaneously, justifying the high values of males and
females GSI. The males that filled their brood pouch consisted the first batch of brooding
males and were no longer available to mate. The remaining males would keep trying to
reproduce until they succeeded, consisting the second batch of brooding males and so on.
Males that mated during the same time would give birth almost synchronously, too. No
matter if males mated in the very beginning of the reproductive season or were a second or
a latter batch, once the embryos were released they were available to reproduce again as
females gonads were still rip- as suggested by the high values of GSI.

As already mentioned the GSI of males increases when they are ready to accept a
brood, falls during pregnancy and increase again before the release of the embryos and the
new copulation (Mayer 1993; Kornienko 2001; Bolland and Boettcher 2005). The fact that,
in Neochori station the GSI of males and females followed a distinct fluctuation pattern
after the first reproductive activity indicates that most males released their embryos, and
mated again pretty much at the same period; synchronization of pregnancy. On the
contrary, in Drepano station the evenness of males and females GSI after the first two
months of the reproductive period indicates the existence of many male brooding batches;
unsychronization of pregnancy. The phenomenon of synchronized male pregnancy was
also observed in the population of S. abaster from Adriatic Sea (Riccato et al. 2003) but
also in the Swedish population of S. typhle species (Vincent et al. 1994).
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The first YOY recruit occurred in the March-April and in the May-June periods in
Drepano and Neochori stations, respectively. The following months the continued range
and swift in the histograms frequency of the juveniles’ total length indicated mainly a
growth of the YOY individuals rather than new recruits. In the November-December
period the specimens of Drepano station with total length around 50 mm were juveniles
and not newborns while those from Neochori were newborns (Silva et al. (2006a) showed
that newborns total length is approximately 20 mm). Therefore, there was only one major
YQOY recruit in Drepano station but two in Neochori. The difference in the YOY was
probably correlated to the above mentioned synchronization or not of male pregnancy. The
low numbers of newborn individuals (total length approximately 20 mm) in both stations
could also depict an inadequacy of the mesh size (2 mm) in the beach seine and the hand
net to capture so small sized specimens.

Finally, the reproductive period ended in both stations in late September or early
October. This was indicated by the fact that even though pregnant males were recorded in
both stations in October they were absent in November. In the latter month only juveniles
were present which could have been conceived in the end of the reproductive period.
Another indication for the end of the reproductive season was the low values of GSI in
September and October months. Females GSI dropped, indicating that individuals with
ripe ovaries were rare (e.g. Rajasilta et al. 1997; Sadekarpawar and Parikh 2013). The rise
in the GSI values of males in Neochori station could indicated that they were ready to
accept new batch of eggs if females had, still, ripe ovaries and/or if environmental
conditions were favorable (e.g. Rajasilta et al. 1997; Sadekarpawar and Parikh 2013).
However examination of the gonad is necessary before reaching any final conclusions.
Such a prolonged reproductive period was also observed in species populations from the
Adriatic Sea and the Ria Fermossa (Portugal) (Riccato et al. 2003; Silva et al. 2006a) most
probably due to the similar ambient temperatures prevailing in these areas during that
period (direct comparison of the temperatures mentioned in the present thesis and the other
two studies).
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2.4.2. Syngnathus typhle species

S. typhle specimens were present in Drepano and Neochori stations all year long
without a statistical significant difference in their abundance (Figure 2.19). This outcome
contradicts the results of Malavasi et al. (2007) on the species preference on longer leaves
and intermediate shoot density (Cymodocea nodosa in Drepano station) over shorter and
more dense seagrass leaves (Posidonia oceanica in Neochori station). This lack of
preference —similar to S. abaster species- is yet one more indication that habitat preference
Is a multidisciplinary process influenced by a combination of factors, such as structural
complexity, predation and competition and is not dictated only by one factor such as type
or coverage of vegetation (Schofield 2003, Warfe and Barmuta 2004).

The abundance of S. typhle in the both stations varied during the present study. A
seasonal migration pattern is most possibly the cause for this variation as in the case of S.
abaster. According to this scenario S. typhle specimens spend winter months in deeper and
warmer water and return to the sublittoral zone from spring until autumn, when
temperature rises again and environmental conditions are more favorable. This migration
pattern is also in accordance with the so far studied populations of S. typhle from the
Adriatic and Baltic Sea (Franzoi et al. 1993; Riccato et al. 2003; Miersch 2012). Despite
the norm of seasonal migration, it is indicated that a small number of individuals may
overwinter in sublittoral seagrass beds (Dawson 1986), accounting for the specimens
caught during winter months mainly in Neochori station.

The length frequency distribution of S. typhle in both stations indicated that the
species life span consisted of two and possible up to four age classes. This outcome
succeeds the so far mentioned lifespan in the Swedish and the Adriatic Sea populations
(Vincent et al 1995; Franzoi et al. 1993; Riccato et al. 2003). During winter months there
was not recorded a significant change in length of unsexed individuals compared to the rest
of the sampling periods. This fact could be attributed to a long reproductive period and/or
to a slow growth rate during the overwintering period in deeper waters, similarly to S.
abaster populations of the present study (Szedimayer et al. 1992; Keefe and Able 1993).
Also the reduction in the number of smaller individuals, in combination with the slow
growth rate during the colder months indicated the effect of overwinter mortality, similarly
to the species Swedish and Adriatic Sea population (Vincent et al. 1994; Franzoi et al.
1993) and other syngnathids (Franzoi et al. 1993; Campbell and Able 1998).

Among adult individuals, both males and females displayed a positive allometric
growth pattern in both stations. The so far existing data on populations from the Aegean
Sea and W. Mediterranean were conflicting, revealing an isometric and positive allometric
growth pattern respectively (Gurkan and Taskavak 2007; Valle et al. 2003). The length
ranges in both studies overlapped with the N. lonian Sea population so the results were
comparable. More specifically, the results of the present study agree with the growth
pattern observed in the W. Mediterranean Sea. The length-weight relationship in fishes can
be affected by physiological (e.g. sex, stomach fullness, gonad maturity) and abiotic
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factors (e.g. season, habitat) (Tesh 1971; Wootton 1998). However most of these data were
not available in the study of Gurkan and Taskavak (2007) and therefore the reason for the
discrepancy in the growth rate pattern could not be further investigated.

The logistic equations for the estimation of the Lsp in both stations revealed a steep
slope for females and an almost vertical slope for males indicating a synchronized
maturation of both sexes at similar lengths. Similarly to S. abaster species, this pattern
could be explained in the context of an opportunistic or intermediate life strategy (King
and. McFarlane 2003). A similar pattern was also observed in the species population from
Baltic Sea in order to maximize the reproductive success of both sexes (Vincent et al.
1994).

S. typhle individuals in N. lonian Sea matured when they reached about 70 mm.
This size at maturity is considerably smaller compared to the Swedish and the Adriatic Sea
populations (Vincent et al. 1994; Riccato et al. 2003). Reproductive period started in early
spring and lasted until October. The same period was also recorded in species populations
from the Venice Lagoon (Adriatic Sea) (Riccato et al. 2003), the Ria Fermosa Lagoon
(Portugal) (Freire 2004) and the Gulf of Biscay (Dunker 1908 according to Rispoli and
Wilson 2008). The breeding period of northern populations is substantially shorter lasting
from May until the end of August (Berglund et al. 1986; Duncker 1908 according to
Rispoli and Wilson 2008). As already mentioned, the duration of the reproductive period is
positively correlated to temperature rise (reviewed by Berrigan and Charnov 1994).
Therefore, the result of the present study is one more indication that the reproductive
period of southern syngnathids -that inhabit warmer waters- is longer than the northern
populations which inhabit colder water (e.g. Berglund 1991; Vincent et al. 1994; Bolland
and Boeticher 2005; Wilson et al. 2008).

The beginning of the reproductive period was evident by the following factors-
similarly to its congeneric S. abaster species:

1. During the late autumn and winter months (November-February), the male brood
pouch was undeveloped. In the beginning of the spring (March-April period) the
pouch was shaped and full in more than 50% of the captured males. Given that,
male pregnancy in warm waters lasts a little more than one month (Rispoli and
Wilson 2008), captured brooding males must have copulated in the beginning of
March.

2. Females GSI peaked in early spring, indicating that females had formed rip ovaries
and were ready to reproduce. In the same period, males’ index was in low levels
indicating that their gonads were not full, even though they had shaped brood
pouches. Thus, some males had already mated and inseminated their eggs.

3. In females, increased values of HSI during that period could probably correspond
to the production of proteins associated with the development of the ovaries e.g.
vitellogenin (an egg yolk precursor protein) (Henderson et al. 1996, Gutjahr-Gobell
et al. 2002). Also HSI is an estimator of the energy status of the fish (Wootton
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1984). Therefore, both sexes in the beginning of the spring were ready for the
energy consuming proses of reproduction and male pregnancy.

4. Unsexed specimens were present all year long except from winter months. The first
unsexed individuals appeared in both stations in the April. In Drepano station these
individuals were shorter than 4 mm while in Neochori station they were longer than
5 mm. Given that the mean total length of the species newborn individuals is 26.2
mm (Chapter 5 of the present thesis) only the individuals in Drepano station were
first YOY (conceived in the beginning of the period) of the reproductive period.
Therefore, they must have been conceived in the begging of March, signaling the
onset of the reproductive period. Contrary in Neochori station these were juveniles
born in the previous reproductive year which had not yet matured.

During the reproductive period the operational sex ratio in both stations was female
biased. This outcome was expected as the species is sex- role reversed and female biased
operational sex ratio is an important indicator of this behavior (Clutton- Brock and Vincent
1991). The so far studied population of S. typhle revealed unbiased or female biased
populations (Vincent et al. 1995; Franzoi et al. 1993; Riccato et al. 2003; Oliveira et al.
2007). However, in Neochori station and only in May the OSR was male-biased. This
short-term bias of the OSR observed in the first months of the reproductive period was due
to the fact that the number of available males was clearly greater than the number of
available females. As males' pouches filled, the OSR was reversed and female biased once
again. Therefore, this single event cannot be considered as an indicator of male
competition and sex role reversal. The so far studied population of S. typhle revealed
unbiased or female biased populations (Vincent et al. 1995; Franzoi et al. 1993; Riccato et
al. 2003; Oliveira et al. 2007). Similar temporal swifts in the OSR during the onset of the
reproduction season were also observed in the species Swedish population (Vincent et al.
1994; 1995).

An interesting fact observed during the reproductive period was the statistically
important difference in the total length of brooding and non-brooding males which was not
noted in the studied population of S. abaster. In both stations, brooding males were larger
than non-brooding in the end of the reproductive period, while only in the Neochori station
brooding males were also larger in the beginning of the reproductive period. However,
during the same period, no difference was observed in the total length of female
individuals in neither station. The difference in the non-brooding and brooding males could
mean that during the beginning or end of the breeding period: i) the larger-sized
individuals were the first or the last to arrive or stay respectively in the stations and thus
the only available males for mating or ii) despite the presence of smaller sized individuals
during that period, females preferred larger mates. The first hypothesis is rejected as the
length frequency distribution in both stations showed a wide range of body lengths during
these specific periods; both smaller and larger sized males were present in the population.
On the other hand, S. typhle is a polygynandrous species (Jones and Avise 2001). As
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already mentioned, in polygynandrous species the intensity of sexual selection is weak or
variable (Avise et al. 2002). This means that, either sex could be the choosy one depending
on the circumstances. It is known that S. typhle species prefer larger partners when mating
while smaller males and females are neglected (Berglund et al. 1986; Berglund and
Rosenqvist 1993). Therefore, the length difference between larger brooding and smaller
non-brooding males could be attributed to females’ preference for larger-sized partner.
Why this preference existed only in these bimonths or why there is no male preference on
larger females are questions that cannot be answered by the present study’s data.

Furthermore, the pattern of the GSI values differed between the two populations.
More specifically, in Drepano station females GSI peaked in March-April period and then
was retained in lower but similar levels for the rest of the examined period. Males GSI
fluctuation was moderate. In Neochori population, GSI of both sexes fluctuated with a
more intense pattern than Drepano’s population. In particular, females GSI rose in the
begning and the middle of the reproductive period. Males GSI followed a reverse pattern
i.e. fell in March-April, and July-August periods and rose in May-June and September-
October. As already mentioned, similar pattern in the fluctuation of the GSI values in each
staion occurred in the sympatric S. abaster species as well as in Swedish and Adiatic Sea
populations of S. typhle (Vincent et al. 1994; Riccato et al. 2003) . Therefore, it could be
deduced that Drepano population breed in continuous batches throughout the reproductive
period —unsynchronized male pregnancy-, while in Neochori population two and possibly
three major brooding batches occurred- synchronized male pregnancy (Mayer 1993;
Kornienko 2001; Bolland and Boettcher 2005).

Finally, the reproductive period ended in late September or early October similarly
to S. abaster populations. This was obvious by the fact that even though pregnant males in
both stations were recorded in October they were not present in November. Furthermore,
in females of both stations the values of GSI dropped in the September- November period
indicating that individuals with ripe ovaries were rare (e.g. Rajasilta et al. 1997;
Sadekarpawar and Parikh 2013). As already mentioned a similar reproductive period was
also recorded in population in the Adriatic Sea (Riccato et al. 2003), the Ria Fermosa
Lagoon (Freire 2004) and the Gulf of Biscay (Dunker 1908 according to Rispoli and
Wilson 2008).
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2.4.3. Male pregnancy synchronization

The study of the biological cycle of S. abaster and S. typhle revealed differences
and resemblances between the individuals in Drepano and Neochori stations. However,
there is a difference that seems to follow a station specific pattern in both species; the GSI
values. As already mentioned males’ GSI exhibited an intense fluctuation in Neochori
station while a more moderate one in Drepano. This difference is most possible attributed
to the synchronization of male pregnancy (Vincent et al. 1994).

Synchronized spawning periods have been recorded for marine and freshwater
teleost fish species (e.g. Cushing 1969; Brown and Scott 1994), aiming to ensure high
chances of survival for the offspring (e.g. Verhulst et al. 1995; Van Der Kraak and
Pankhurst 1997). Photoperiod and temperature are the main factors synchronizing
reproduction in temperate species by controlling the synthesis of gametogenesis- related
proteins such as vitelogenenin (Johannes 1978; Henderson et al. 1996; Gutjahr-Gobell et
al. 2002). Besides these two main factors, synchronization of reproduction may play an
important role in increasing survival against predation (Johannes 1978; Hatchwell 1991)
and reproductive success (Rowe and Hutchings 2003). Also synchronization according to
lunar cycles is commonly viewed mainly in intertidal species (e.g. Takemura et al. 2004,
Celik and Celik 2011).

As already mentioned, Neochori station provides a protected environments from
the wind and waves. Also, the dense and long leaves of Posidonia oceanica provides
pipefishes with a more secure and sheltered environment against predators (Vincent et al.
1995; Malavasi et al. 2007). Therefore, male pregnancy could be synchronized as the
possibility of all pregnant males to lose their offspring the same period due to predation is
relatively low (Johannes 1978; Hatchwell 1991). Contrary, in Drepano station the open sea
broad fetch and the short and less dense leaves of Cymodocea nodosa leave pipefishes
exposed to harsh environmental conditions and predation. These conditions can cause
disruption of the reproductive activity and unfavorable conditions for the juvenile release.
Thus, Drepano populations could have adopted unsynchronized male pregnancy pattern to
avoid jeopardizing all their offspring at once. This could probably indicate that the
reproductive timing is not a species specific pattern but rather a habitat related one with
intrinsic factors affecting when an individual- and a population in a boarder sense- chooses
to spawn (Cushing 1969; Brown and Scott 1994; Vincent et al. 1995 Van Der Kraak and
Pankhurst 1997).
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Chapter 3. Genetic structure of Syngnathus abaster and
Syngnathus typhle species along the Greek coastline
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3.1. INTRODUCTION
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3.1.1. Evolutionary markers

Evolution is defined as the variation of the hereditary characteristics of all forms of
life over consecutive generations (Ridley 1993). As these differences accumulate (through
mutations, genetic drift and natural selection) they could lead to differentiation at the level
of population, species and higher order taxonomic groups (Linda and Paul 1995; Avise et
al. 2002; Chauhan and Rajiv 2010).

The advent of molecular markers in the midst of the 20™ century- and their progress
in the following decades- has transformed the fields of evolution and ecology as provided a
powerful tool to detect genetic variation at all taxonomical levels, reconstruct the
phylogenetic relationships of many taxa and solve problems related to parentage analysis
(Parker et al. 1998; Jones and Ardren 2003; Avise 2004; Chauhan and Rajiv 2010; Mobley
et al. 2011). Molecular markers are specific fragments of the DNA that are representative
of genome differences and can or cannot be associated with the phenotypic expression of a
trait (Avise 1994; Agarwal et al. 2008). They can either be protein (allozymes) or DNA
(mitochondrial and nuclear) markers (Avise 1994).

Allozymes were the first molecular markers to be used widely to explore the
phylogenetic relationships and the genetic structure of populations (e.g. Avise 1994,
Bembo et al. 1996; Mamouris et al. 1998; Chauhan and Rajiv 2010). They are different
allelic forms of the same locus that are highly preserved throughout the higher taxonomic
classes (Avise 1994; Parker et al. 1998). The major advantages of these codominant
markers are i) their low cost and ii) the effectiveness to detect levels of intrapopulation
variation (Avise 1994). However, allozymes have lost ground to DNA markers as they i)
are sensitive to both the quantity and the quality of the used tissue, ii) cannot detect silent
and synonymous substitutions and iii) can sometimes be instable (Avise 1994).

In most of the studies that use molecular markers, the predominant classes are
mitochondrial DNA (for population evolution and genealogy studies) and microsatellite
nuclear DNA (to study the interaction between the dynamics of population and their
genetic structure). The mitochondrial genome is typically compact at 16 kb with few
intergenic spacers, containing 37 genes (responsible for 13 proteins), 2 rRNAs and 22
tRNAs encoded in the light (L) and the heavy (H) DNA strand (Meyer 1993). mtDNA is a
suitable marker for phylogenetic research as it: i) is inherited through the maternal line,
constituting thus a clonally inherited marker for maternal lineages and ii) has a high level
of variability and mutational rate, even though it is not encoding many proteins. The most
polymorphic region of the mtDNA is the control region (D-loop) (Brown et al., 1979) and
therefore it is widely used in phylogenetic studies (Gillham 1994, Rokas et al. 2003). Due
to the fact that the mitochondria exist in many copies per cell, they are relatively easy to
isolate and use in molecular protocols (high recovery probability).

Over the past decades several regions of the mitochondrial genome were used in
phylogenetic studies of several taxa, from family to population level. The major
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disadvantage of this marker is the existence of mitochondrial pseudogenes inside the
genome of many organisms (Zhang and Hewitt 1996a). These types of sequences are
numerous in many organisms and can cause misleading conclusion if mistaken for the
actual mtDNA loci (Zhang and Hewitt 1996b). Finally, as mitochondrial DNA is inherited
through the maternal line, studies based on this type of marker ignore the paternal lineages,
whose dispersal behavior might differ from their female counterparts (Meyer 1993).

Among nuclear markers, microsatellite DNA markers are the most widely used.
They are also known as Simple Sequence Repeats (SSRs) or Short Tandem Repeats
(STRs) and are co-dominant short di-, tri- or tetra-nucleotide tandem DNA repeatable
sequences (Goldstein et al. 1995) inherited in a Mendelian way (Turnpenny and Ellard
2005). In the last decades they gained ground against mtDNA as they are i) hypervariable
areas with high levels of polymorphism and mutational rates (Strassmann et al. 1996) as
well as ii) highly accurate, requiring only small amounts of tissue (e.g. Goldstein and
Schlotterer 1999; Avise et al. 2002; Garefallaki et al. 2010; Wilson and Veraguth 2010). In
fish species they are widely used in the detection of inter- and intra- species relationships
as well as in the study of parentage analysis (e.g. Kellogg et al. 1998; Jones and Avise
1997; Jones et al. 1999; Wilson 2009; Hubner et al. 2013) since allelic variation in most
populations is extremely high (deWoody and Avise 2000).
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3.1.2. Genetic structure of European populations of Syngnathus species

From a historical perspective, the first molecular- based study on syngnathids was
published in the 1990s (Jones and Avise 1997). The phenomenon of male pregnancy
brought syngnathids into the spotlight and molecular markers (microsatellites and
mitochondrial markers) were used to assess their genetic mating system (e.g. Jones and
Avise 1997, 2001; Mc Coy et al. 2001; Mobley and Jones 2009; Hubner et al. 2013) and
phylogenetic relationships (e.g. Wilson et al. 2001; 2003; Lourie et al. 2005; Teske et al.
2005; Mobley et al 2010).

Phylogeographic studies on syngnathids revealed distinct patterns in their genetic
architecture, including a) population structure over a restricted range (Lourie et al. 2005;
Teske et al. 2005; Sanna et al. 2013), b) isolation by distance patterns (Lourie and Vincent
2004; Lourie et al. 2005; Wilson 2006b) and c¢) panmictic populations over large
geographic distances (Lourie et al. 2005; Mobley et al. 2011). This variety in their modes
of genetic structure constitutes syngnathid species as perfect model organisms to examine
evolutionary phenomena (Mobley and Jones 2009; Mobley et al. 2011; Wilson and Orr
2011).

Most of the European pipefish - Syngnathus abaster, Syngnathus nigrolineatus,
Syngnathus rostellatus, Syngnathus taenionotus and Syngnathus typhle - form a group of
closely related taxa while Syngnathus acus is the most distinct (Wilson et al. 2001,
Hablutzel 2009). From a molecular point of view, the most well- studied species of the
European clade are S. typhle (Wilson and Veraguth 2010), S. abaster (Alaya et al. 2010;
Sanna et al. 2013a) and S. rostellatus (Hablutzel and Wilson 2011). Only the first two
species are widely found in the Mediterranean Sea (Dawson 1986).

The only so far existing study on the relative position of the European pipefish was
conducted by Hablutzel (2009, master thesis), based on the mitochondrial control region
and the nuclear Locus Al (Figure 3.1). According to this study i) all species form distinct
monophyletic clades with the exception of S. typhle which seems to be paraphyletic with S.
taenionotus and ii) S. abaster is the first species to have diverged from the European
pipefish clade. However, this study includes populations from a small fragment of the
species range and therefore its results could not be easily generalized. Also the sequences
produced are not available in GenBank (Benson et al. 2011) and therefore they could not
be compared to the results of the present study.

In the most extended study of the European syngnathids genetic structure, Wilson
and Veraguth (2010) provided the first phylogenetic scenario for S. typhle species. Based
on the mitochondrial control region, the nuclear Locus Al and nine microsatellite loci,
they suggested that across most of the species’ range four well-defined clades are formed,
which reflect geographical distributions: i) North Sea and Atlantic coast, i) W.
Mediterranean Sea, iii) Adriatic Sea and iv) Marmara and Black Seas (Figure 3.2). These
clusters revealed the effect of Pleistocene glaciation events on northern and eastern S.
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typhle populations, leaving the central ones intact. In particular, northern and eastern
populations exhibited reduced genetic diversity and seem to have diverged 15,000-36,000
years ago. In contrast, central populations exhibited high levels of genetic diversity and
their divergence times were estimated around 180,000-260,000 years ago, i.e. long before
the last glacial cycle. Between these two extreme patterns, the Atlantic coast populations
showed moderate levels of genetic variation and population structure, having diverged
60,000-80,000 years ago, i.e. in the last glacial cycle (Wilson and Veraguth 2010).

Two following studies shed light on the phylogenetic relationship of S. abaster
species in the W. Mediterranean (Alaya et al. 2011; Sanna et al. 2013a). Both studies
support the existence of well-defined clusters. In particular, Alaya et al. (2011) examined
the genetic structure of S. abaster from two geographically distinct localities; Tunis north
and Mauguio lagoon in Tunis and France respectively (Figure 3.3). They suggested that
these populations formed two highly divergent and isolated groups probably due to
repeated founder events and bottlenecks followed by re-expansion (Slatkin and Hudson
1991; Fu 1997; Alaya et al. 2011). For the analysis a combination of multiple loci were
used: a 266 bp (base pairs) fragment of the 12S rDNA gene, a 519 bp fragment of the 16S
rDNA gene, a 476 bp fragment of the Cytochrome b gene and a 458 bp fragment of the
second segment of the control region.

The Sanna et al. (2013a) study was more comprehensive, as it included a wider
sampling range (Figure 3.4). The analysis was based on a 458 bp fragment of the second
hypervariable segment of the control region (HVS-I1), a 266 bp fragment of the 12S rRNA
gene, a 519 bp fragment of the 16S rRNA gene and a 476 bp fragment of the cytochrome b
gene (cyt b). The results of this study indicated the occurrence of three distinct clusters of
S. abaster populations: i) Spain, France, Corsica and Sardinia (Balearic, Sardinian and
Ligurian Sea and Gulf of Lion) (cluster A), ii) the Italian mainland (cluster B) and iii) the
Algeria- N. Tunisian (cluster C) (Figure 3.4). Divergence times indicated a more recent
origin for the Tunisian group, while a similar one for the rest to two clusters (A and B).
These calibration times suggested that the Pleistocene glacial period and more specifically
the sea-level changes that occurred during that time played a pivotal role in the
colonization pattern of S. abaster. The fact that Syngnathus taenionotus species grouped
internally to S. abaster suggests that S. abaster constitutes a paraphyletic taxon.
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Figure 3.2. Map of S. typhle
localities along the European
coastline, and unrooted parsimony
network of a) mtDNA control
region and b) nuclear Locus Al
haplotypes. Unsampled
intermediate haplotypes and SNPs
defining haplotypes are indicated
(modified after Wilson and
Veraguth 2010).
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Figure 3.4. Median-joining network on the mitochondrial sequences dataset of populations of S.
abaster from the W. Mediterranean. Mutating positions are shown in red (modified after Sanna et
al. 2013a).
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These studies add more information and start to unravel the puzzle of the two
species’ phylogeny. They reveal that, both species as near-shore animals were affected
from the Pleistocene across their range. When the sea levels fell, they sought shelter in
protected areas. When the sea levels rose again they managed to recolonize old and new
habitats mostly through founders’ events. As a consequence, at a European level both
species exhibit isolation by distance dispersal pattern (Wilson and Veraguth 2010; Alaya et al.
2011; Sanna et al. 2013a). However, comparisons are not easy, since different molecular
markers were employed and at different geographical areas.

As revealed by Figures 3.1- 3.4, the lonian and Aegean Sea are unexplored
territories in the phylogenetic map of both S. abaster and S. typhle species. This is a major
gap in the two species phylogenetic overview as lonian and Aegean Seas have a
cornerstone position in the Mediterranean Sea. In particular, lonian and Adriatic Seas -
despite their geographical affinity- are recognized as distinct phylogeographic provinces
for many Mediterranean taxa (e.g. Gysels et al. 2004; Bianchi 2007; Patarnello et al. 2007;
Coll et al. 2010). At the same time, the Aegean Sea is connected with the Marmara and the
Black Seas through the Straits of Vosphoros and Dardaneiles (Aksu et al. 1995). Finally,
lonian/ S. Aegean Sea and N. Aegean Seas constitute two different biogeographical
regions (Bianchi et al. 2007, 2012), whose formation is attributed to Pleistocene events
(Chronis et al. 1991; Aksu et al. 1995; Perissoratis et al. 2000; Lykousis 2009).

Phylogenetic analyses of marine organisms whose population structure was also
affected by the postglacial events reveal contrasting patterns between the lonian and
Aegean Seas. The most commonly reported break within the Mediterranean is the Sicilo-
Tunisian which separates Western and Eastern populations leading to a unified Aegean-
lonian clade (e.g. Stefanni and Thorley 2003; Karaiskou et al. 2004; Zardoya et al. 2004).
However, in some species within the Mediterranean Sea an eastward shift to the
geographic position of the genetic break has been reported indicating southern
Peloponnese (S. Aegean Sea) as a more possible location for the break instead of the
Sicilo-Tunisian Straits. In this case lonian and Aegean Sea populations form distinct clades
(e.g. Magoulas et al. 1996; Nikula and Vainola 2003; Costagliola et al. 2004, Domingues
et al. 2005). These scenarios indicate that a species genetic structure within lonian and
Aegean cannot be taken a priori for granted but instead should be species- specifically
examined.

Besides past demographic events, contemporary drives (environmental parameters
or/and species-specific life history/ecological traits) also determine species phylogenetic
relationships (Avise, 2000, Hewitt 2000; Zardoya et al. 2004; Pujolar et al. 2011, Palumbi
1994, Vanhove et al. 2012). S. abaster and S. typhle despite congeneric and co-occurring
species exhibit different life history traits (e.g., tolerance to salinity, vertical position, early
life history stages and lifespan) (e.g. Berglund et al. 1986, Vincent et al. 1995, Franzoi et
al. 1993, Silva et al. 2006a, Miersch 2012). These differences could also affect their
potential dispersal rate and shape their genetic structure.
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Under this perspective, the first goal of the present study was to examine the
genetic structure of S. abaster and S. typhle species in the Greek coastline and test whether
the lonian and Aegean Seas populations form distinct clades or not. It was hypothesized
that the biogeographical differentiation of the two Seas (Bianchi et al. 2007) combined
with the species restricted migration ability (due to the absence of pelvic fin and the
presence of rigid bony plates all over the body) would prevent population exchange
between remote areas (Storz 1999; Ross 2001). Therefore, isolated populations in the
lonian and Aegean Seas were expected to be found. Also, it was hypothesized that the
recorded difference in the dispersal ability of the two species would affect their degree of
isolation. Particularly, as S. abaster juveniles assume benthic position right after they are
born and retain that position as adult specimens they are less susceptible to active
migration and passive transportation (Silva et al. 2006). On the contrary, the pelagic
juveniles of S. typhle are more susceptible to passive transportation (Berglund et al. 1986).
Therefore, within the lonian and Aegean Sea populations a shallower degree of genetic
structuring in S. typhle species and a higher in S. abaster was expected to be found.

Moreover, phylogenetic analysis of S. typhle species indicated that within the so far
studied Mediterranean populations three distinct clades were formed which are in
accordance with existing biogeographical zones; W. Mediterranean, Adriatic and
Marmara-Black Sea (Wilson and Veraguth 2010). As already stated, in that study there is
no available information on the genetic structure of the E. Mediterranean Sea population or
its relationship with the rest of the European populations. Numerous studies on a broad
range of Mediterranean species indicate that their populations cluster into Western and
Eastern Mediterranean clades (e.g. Zardoya et al. 2004 Magoulas et al. 1996; Nikula and
Vainola 2003; Costagliola et al. 2004, Domingues et al. 2005; Sanna et al. 2013b). At the
same time most species lonian Sea populations are usually genetically distinct from the
Adriatic Sea’s (e.g. Tinti et al. 2002; Steffani and Thorley 2003, Garoia et al. 2004;
Triantafyllidis et al. 2005; Rolland et al. 2007). Finally, the relationship of Aegean Sea and
Black Sea populations is species-specific as both unified and distinct clades of the
populations of the two Seas have been reported (e.g. Ladoukakis et al. 2002, Nikula and
Vainola 2003; Suzuki et al. 2004; Magoulas et al. 2006; Yebra et al 2011).

Taking the above facts into consideration, the second goal of the present study was
to place the lonian and Aegean Sea populations of S. typhle into the European-
PontoCaspian species tree and test whether they group with the W. Mediterranean, Adriatic
or/and Marmara-Back Sea populations or form a clade of their own; the E. Mediterranean.
The Greek population was expected to be distinct from the Adriatic Sea clade. According
to the results of the genetic population analysis a certain degree of differentiation was
expected to be found with the W. Mediterranean clade. In particular, if lonian and Aegean
Sea populations formed distinct clades, lonian populations were expected to group within
the W. Mediterranean Sea clade. On the contrary, a panmictic Greek population of S.
typhle would group lonian and Aegean Sea population into the E. Mediterranean clade,
separating it thus from the W. Mediterranean. Also, the relationship of the Aegean Sea
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population to the Marmara- Black Sea complex could not be a priori estimated as it is
species-specific (e.g. Ladoukakis et al. 2002, Nikula and Vainola 2003; Suzuki et al. 2004;
Magoulas et al. 2006; Yebra et al 2011).
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3.2. MATERIALS AND METHODS
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3.2.1. Sampling stations

Specimens of S. abaster (n = 142) and S. typhle (n = 38) were collected from June
to August 2010, along the mainland sublittoral coastline of Greece (Figure 3.5, Table 3.1.
in Appendix), using a hand net (mesh size of 2-4 mm). Samples were stored at 80%
alcohol solution. The 19 localities depicted the range of the species distribution along the
major biogeographical basins in the coastline of the mainland Greece. In the laboratory,
each specimen was identified to the species level based on a key for European syngnathids

(Dawson 1986).
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Figure 3.5. Map of Greece showing the sampling stations for the two studied species in the present
study (®S. typhle lonian Sea,® S. typhle Aegean Sea® S. abaster lonian Sea,® S. abaster Aegean
Sea). For number of samples see Table 3.1 in Appendix.

Ewova 3.5. [Teproyég derypotoinyiog oty EALGS yio ta 000 peretdpeva idn Katd tn mapovoa
perétn @ S. typhle Ioviov ITehéyoug® S. typhle Aryaiov IMeddyovc,® S. abaster Ioviov Ileddyovc®
S. abaster Atyaiov ITeAdyoug). O apBudc Twv cuAlexfévimv atdéuny napovotdletol otov ITivako

3.1 Tov TopapTHHATOG
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3.2.2. DNA extraction

Genomic DNA from all specimens was extracted from tail muscle tissue after the modified
phenol-chloroform extraction protocol (Sambrook and Russel 2001). The procedure is as

follows:
1. Put 100-200 mg of tissue in a 1-2 ml Eppendorf tube.
2. Add 500 pul CTAB (Cetyl Ttimethylammonium bromide) Buffer (2 x).
3. Add 10 pl Proteinase K (10 mg/ml).
4. Vortex to mix well.
5. Incubate in water bath at 55 ° C for at least 2-4 hours.
6. Add 250 ul phenol and 250 pl chloroform-isoamyl alcohol (24:1) solution.
7. Vortex thoroughly.
8. Rotor for about 10 minutes at room temperature.
9. Spin at 13000 rpm for 10 minutes.

N RN RN N NN NN R P B B BB R s R
© N o o > W DD P O © ®® N o g w b P o

29.

Have new sterile tubes labeled and ready.

. Transfer the aqueous solution into the new eppendorfs.

Repeat steps 9-14 one more time.

. Add 250 pul chloroform-isoamyl alcohol.

Vortex thoroughly.

Rotor for about 10 minutes at room temperature.

Spin at 13000 rpm for 10 minutes.

Have new sterile tubes labeled and ready.

Transfer the aqueous solution into the new eppendorfs.
Add 1000 pl ice-cold ethanol.

Keep in the freezer overnight.

. Spin at 13000 rpm for 15 minutes.
. Pour out the ethanol. The DNA is at the bottom of the tube.
. Add 1000 pl of 70% ethanol.

Rotor for at least one hour.
Pour out ethanol.

. Keep at 37 ° C for about 20 minutes to evaporate the alcohol.
. Add about 100 pul TE buffer.

Store in the freezer overnight.
Store in the freezer until use.

The amount of DNA extracted was quantified by loading 5 ul of each extraction ona 1 %
agarose gel stained with ethidium bromide.
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3.2.3. Mitochondrial and nuclear DNA amplification and sequencing

3.2.3.1. Mitochondrial DNA amplification

A 932 bp sequence of the mitochondrial CR (including tRNA-Phe and a short
fragment of 12SrDNA) was amplified for two to ten individuals from each sampling
station. LPRO (forward, 5’-AACTCTCACCCCTAGCTCCCAAG-3’, Meyer et al., 1994)
and 12Sr.5 (reverse, 3°>-GGCGGATACTTGCATGT-5’, Hrbek and Farias 2008) were used
as primers.

3.2.3.2. Nuclear DNA amplification

PCR primers SlepA1F (forward, 5’>-ATCTGAGCCAGCGGGCCGAGCAG-3’) and
SlepAlR (reverse, 3’-TGGAGCGCGGCTTGCAGTCGTG-5") (Wilson and Veraguth
2010) were used to amplify the nuclear region LocusAl (490 bp), which is a
microsatellite-flanking sequence (Wilson and Veraguth 2010). The neighboring
microsatellite locus was excluded from the study (Wilson and Veraguth 2010). One to five
individuals were amplified in each station.

3.2.3.3. Polymerase Chain Reactions and Sequencing

PCRs were performed in 25 pl volume reactions containing 5U KAPA Taq
ReadyMix (KAPABIOSYSTEMS), 25 mM MgCl,, 100 pmol primers and 100 ng DNA.
Negative (2.5 pl ddH,O instead of DNA) and positive (100 ng DNA of an individual
whose CR or Al locus had already been successfully amplified) controls were included in
all reactions. PCR cycles were performed on an MJ Research PTC- 200 gradient cycler
under the conditions shown in Table 3.1. To check for amplification, PCR products were
visualized in 1.5% agarose gels. Successful reactions were purified with Nucleospin®
Extract Il kit (Macherey-Nagel) and eluted in 50 puL volume. The mtDNA and nDNA
purified products were sent for sequencing to VBC Biotech and Beckman Coulter service
providers respectively.

Table 3.1. PCR conditions for the mitochondrial control region and the nuclear locus Al used in
the present study.

Hivakag 3.1. ZuvOnrkeg mov akolovdnnkav otig aviwdpdoelg PCR yio v meployn eAéyyov tov
uitoyovopilakod DNA kot tov mopnvikod 1omov Alkotd T d16pKELD TG TAUPOVGAS LEAETNG.

mtDNA, Control Region

NDNA, Locus Al

Step1l. Initial | 94 °C for 180 sec 95 °C for 180 sec

denaturation

Step2. 94 °C for 30 sec 94 °C for 30 sec

Denaturation

Step3. Annealing | 56 °C for 30 sec 68 °C for 30 sec

temperature

Step4. Extension | 72 °C for 60 sec 72 °C for 30 sec

Stepb. repetition of steps 2-4 for 30 cycles | repetition of steps 2-4 for 30 cysles
Step6. Final | 72 °C for 300 sec 72 C for 120 sec

extension
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3.2.4. Sequences retrieved from GenBank

Sequences available for European populations of Syngnathus typhle were retrieved
from GenBank (Benson et al. 2011) and incorporated with sequences from this study in
order to have a deeper insight into the phylogeography of the species (Accession number
for mtDNA: HM773035- HM773140; Accession number for nDNA: HM773141-
HM773173) (Wilson and Veraguth 2010).

3.2.5. Data analyses

3.2.5.1. Mitochondrial DNA

Raw sequences were manually edited with Geneious 5.4 software (Drummond et al.
2010) using the default parameters. As the beginning and the end of the sequence could
often not be reliably scored the first 51 bp and the final 65 bp were not included, yielding a
total sequence length of 816 bp for all samples. Sequence alignment was performed using
the ClustalW 2.1 algorithm (Thomson et al. 1994). Parameters taken into consideration for
multiple alignment were gap opening = 15.00 and gap extension = 6.66.

The ARLEQUIN 3.5 software (Excoffier and Lischer 2010) was used to estimate
intrapopulation diversity for each species by estimating the number of polymorphic sites
(S), the number of haplotypes (Hp), the occurrence of shared and unique haplotypes,
nucleotide diversity (z; Nei 1987) and haplotype (gene) diversity (H; Nei & Tajima 1981):

e Nucleotide diversity is the probability that two randomly chosen homologous
nucleotides are different. One commonly used measure is the “average number
of nucleotide differences per site between any two DNA sequences chosen
randomly from the sample population;, = (Nei 1987). It is similar to expected
heterozygosity and is given by the formula:

k .
Y. pipidy
j=1

n

k
=
=1

n—1%

1

Where x; and x; are the respective frequencies of the i-th and j-th sequences, m;; is
the number of nucleotide differences per nucleotide site between the ith and jth
sequences, and n is the number of sequences in the sample.

e Haplotype (gene) diversity (H) is defined as the probability that two randomly
chosen haplotypes are different in the sample and is given by the formula:
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where, n is the number of gene copies in the sample, Kk is the number of haplotypes,
and p; is the sample frequency of the i-th haplotype.

The overall number of polymorphic sites (S), number of haplotypes (Hp) nucleotide
diversity (z; Nei, 1987) and haplotype (gene) diversity (H; Nei & Tajima 1981) for each
species were estimated by the software DnaSP 5.0 (Librado and Rozas 2009).

In order to investigate the geographical structuring of individuals, Analysis of
Molecular Variance (AMOVA) was implemented (Excoffier et al. 1992) using
ARLEQUIN 3.5 (Excoffier and Lischer 2010). AMOVA partitions the total genetic
variation into variance component and leads to quantities of genetic distance among and
within populations analogous to classical F-statistics’; Fixation indices (Weir and
Cockerham 1984). AMOVA estimates the proportion of variation among groups (Fcr), the
proportion of variation among populations within groups (Fsc), and the proportion of
variation within populations (Fst). The significance of these F-statistic analogs is evaluated
by random permutations of sequences among populations. This procedure is more suitable
when dealing with uneven sample sizes, as it does not assume normality or equality of
variances among samples. Therefore, pairwise Fst was calculated for all populations
together and separately for each species. Various groupings of populations were tested (1.
Sampling stations, 2. Regions, 3. lonian- Aegean Seas). Groupings that maximize values of
Fcr and are significantly different from random distributions of individuals are assumed to
be the most probable geographic subdivisions. Departures from the null hypothesis of
panmixia were evaluated via a permutation test of 10100 iterations.

In order to examine the genetic relationships between the identified haplotypes a
second data set was assembled by retaining only one sequence per haplotype. An
alignment was constructed using the parameters described above. The software
MODELTEST 3.7 (Posada and Crandall 1998) was used to specify the best model of
sequence evolution that fits the data for each species and to calculate the proportion of
invariable sites and the value of the gamma distribution shape parameter, on the basis of
BIC (Bayesian information criterion) values. After model selection, genetic distances
between and within Greek populations of S. abaster and S. typhle species were computed
in MEGA 6.0 software (Tamura et al. 2013). A bootstrap test (Felsenstein 1985) of 1000
replicates was carried out to check the strength of each branch of the tree. The resulting
trees were edited with FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).

In order to further elucidate the relationships between i) syngnathids from the
littoral coastline of Greece, ii) European population of S. typhle species and iii) Greek
populations of S. abaster and European populations of S. typhle, unrooted haplotype
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networks were reconstructed using the software Network 4.6.1.2 (Fluxus Technology,
www.fluxus.engineerring.com). A median joining algorithm was used. Equal weights for
all mutations were assumed and the genetic distance parameter “e” was set to zero in order
to restrict the choice of feasible links in the final network. Haplotypes were estimated and
converted to the appropriate format (roehl file format) using the DnaSP 5.0 software
(Librado and Rozas 2009).

3.2.5.2. Nuclear DNA

Raw data were analyzed and aligned by eye using Geneious 5.4 (Drummond et al.
2010). As the beginning and the end of the sequence could often not be reliably scored the
first 29 bp and the final 25 bp were not included, yielding a total sequence length of 438 bp
for all samples.

Heterozygous sites in nDNA genotypes were coded using IUPAC nomenclature for
degenerate positions and allelic sequences were inferred using the default settings of
PHASE V2.1.1 (Stephens and Donnelly 2003). The program implements a Bayesian
statistical method for reconstructing haplotypes from population genotype data, under the
assumption that sequence data are provided without error (Stephens et al. 2001). This
method is highly accurate in inferring alleles that are well-represented in a diploid data set
but may not be able to reconstruct allelic phase for unique genotypes (Harrigan et al.
2008). This however was not the case as all phase probabilities in the present study were
greater than 0.63 indicating the correct phase (Harrigan et al. 2008).

All the other analyses -diversity of nuclear DNA alleles, geographical structuring of
population (AMOVA and Fixation indices), model of sequence evolution that best fits the
data, genetic distances and unrooted haplotype networks- between and within Greek
individuals of S. abaster and S. typhle species, as well as the unrooted haplotype networks
of European and Greek specimens of S. typhle were calculated as described for the
mitochondrial DNA data.
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3.3. RESULTS
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3.3.1. Syngnathus abaster species

3.3.1.1. mtDNA Control Region

The mitochondrial DNA control region of Greek population of S. abaster species
revealed 67 variable sites (Figure 3.6, Table 3.2.a in Appendix). A total of 78 haplotypes
were detected in a 816 bp fragment sequenced for 115 individuals from 19 sampling
stations (Figure 3.7, Table 3.3.a in Appendix). The level of nucleotide diversity for the
entire sample was « = 0.016 + 0.002 (ranging from 0 in individuals from Kotichi station to
0.015 in Kalogria station), while the haplotype diversity was h= 0.990 + 0.003 (ranging
from 0 in individuals in Kotichi station to 1.000 in Neochori, Tourlida, Karavomilos,
Korinnos and Vassova stations) (Table 3.2).

TTGAGTTATTTAAACCACAGAACTAAGACATTCCACTAAGATATCCATAA 50

ACCATTAATGCAAACTACTAAATCTTAGTTTAGTGTTATTGGTTCCTAAG 100
ACCTAACACAACACTCATAAGTTAAGTTATACCACGACTCCAAAATCGAT 150
TAAATTAAGTATCTTAATGTAGTAAGAGCCTACCTACCAGTCCATTTCTT 200
AATGCCAACGGTTATTGATGGTCAGGCGCCCTTATTGTGAGGGTAGCTAC 250
CTAAAAGGTGAATTATTCCTGGCATTTGGCTCCTACTTCAGGTCCATTAA 300
TTTATTAACCCTCGCACTTTCATCGACGCTAGCATAAGTTAATGGTGGAA 350
ATCATACGACTCGTTACCCCCCAAGCCGGGCGTTCACTCCACGGGGGCAG 400
CTGGTTCCTTTTTTCGTTTTCCTTTCACTTAGCATTTCAGAGTGCACACG 450
GTATTAGATGATAAGGTTGAACATTTCCTTGAATGAGTATATTCGTTTAA 500
TGTTGGAAAGACATTACATAAGAATTGCATATATCTATTACTAAAGCATA 550
ATACCTAAATTTTAGTCCTAATATTTTTAAGATCGCCCCTTCTTGGTTTA 600

ATTCCGACAAACCCCCTACCCCTTACAACCCTGACATGTCCATCACTCCT 650
GCAAACCCCTAAGAAACAGGAATGTICCGAGTAAAACTTATTGTCTCACT 700
CGTCAATCAACAAATGTCATATGTATATAGTATIGTTAGATTTTCAAAAT 750

ACACCTGTATGCCATATTTAACTCATTAGACTCAAATTACACTAAGACCT 800
ACTCGCTGTTGTAGCT 816

Figure 3.6. DNA consensus sequence of a 816 bp amplified segment of mitochondrial Control
Region. Variable positions revealed after the analysis of 115 individuals of Greek S. abaster
species during the present study are bold and underlined.

Ewova 3.6. Axolovbio ova@opdc TOL EVICYLUEVOD TUAUOTOS TNG TEPLOYNG EAEYYOL TOL
piroyovoplakod DNA (816 L.B.). Ot moivuopeikéc Bécelc mov Tposkvyay amd v avaivon 115
atopmv tov €idovg S. abaster otov eAMaSIKO YOPO KATA TN SIPKE TG TAPOVLOAS MEAETNG,
TOPOLGIALOVTOL EVTOVEG KOl VITOYPUUUGUEVEG,.

The two most abundant haplotypes were haplotype 1 and haplotype 10 (Table 3.3.a.
in Appendix). The number of haplotypes in individuals from each station ranged from one
to 11 (individuals from Kotichi and Korinnos stations respectively). The most polymorphic
individuals were the ones from Kalogria station (lonian Sea, Peloponnesus) with 37
polymorphic sites (Table 3.2). The stations with the higher number of haplotypes were
Korinnos (11) and Kalogria (10). However, Korinnos’ haplotypes were all station-specific,
whereas Kalogria’s were shared with individuals from three additional stations (Kotichi,
Vassova and Drana Tables 3.2, 3.3.a. in Appendix).
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The high percentage of the total number of haplotypes divided by the number of
individuals observed in most stations (V) is an indicator of the species polymorphism; in
most cases each individual corresponds to one haplotype. However, it is also evident that
more individuals need to be examined in order to have a clearer view of haplotype
frequencies. As revealed by the number of unique haplotypes (UH) and the percentage of
the station-specific haplotypes divided by the number of individuals (W) there was a
striking lack of haplotype sharing among stations and between the lonian and Aegean Seas
(Tables 3.2, 3.3.a. in Appendix). The exception to this pattern was the specimens from the
Kalogria and Kechries stations.

Table 3.2. Genetic variability observed in the mitochondrial DNA control region of Greek
individuals of S. abaster species, as revealed in the present study (n, sample size; Hp, number of
haplotypes; UHp, station- specific haplotypes; V, the percentage of the total number of haplotypes
divided by the number of individuals; W, the percentage of the station-specific haplotypes divided
by the number of individuals; S, number of polymorphic sites; h, haplotype diversity; z, nucleotide
diversity) (values in round brackets correspond to standard deviation values).

Mivakag 3.2. ['evetiki TOKIAOTNTO TG TEPLOYNG EAEYYOV TOL pitoyxovdplakod DNA tov atdpumv
Tov gidovg S. abaster otov eAAadikd ywpo, ue Paon ™V mapovoo perétn (N, o apBuds Tev
atopov; Hp, ot amlotumol tov atdpwv ond kdbe otabud derypatoinyiog; UHP, ov povaducoi
amhotuol k@fe otabpov; V, T0 T0G0GTO GLUVOALKOD aPlBRod amAoTvTEV/apBud atopmv; W, to
TOGOGTO HOVOSIK®V  amAoTtOTmV/apldud atépmv; S aptbpog molvpopeikov Bécewv; h, n
OMAOTUTIKY TOIKIAOTNTA, 7T, 1] VOUKAEOTIOKT TOKIAOTNTA) (01 TIHEG OTIG TapPEVOEGELS AVTIOTOLYOVY
GTNV TUTKT OTOKALON).

Sampling
Station n Hp UHp V(%) W (%) S h (¥) T (%)

1.Drepano 8 4 2 50.00 25.00 8 0.643 (£0.184) 0.003 (+0.002)
2.Neochori 4 4 4 100.00  100.00 6 1.000 (£0.177) 0.004 (£0.003)
3.Mitikas 10 5 5 50.00 50.00 6 0.667 (+0.163) 0.001 (+£0.001)
4.Tourlida 6 6 5 100.00  83.33 12 1.000 (£0.096) 0.006 (£0.004)
5.Kalogria 11 10 5 90.91 45.45 37 0.982 (+0.046) 0.015 (£0.008)
6.Katakolo 3 2 1 66.67 33.33 1 0.667 (£0.314) 0.001 (£0.001)

7.Kaotichi 2 1 0 50.00 0 0 0 0
8.Kaiafa 5 2 2 40.00 40.00 0.600 (£0.175) 0.007 (£0.008)
9.Moustos 5 3 3 60.00 60.00 0.700 (+0.218) 0.001 (£0.001)
10.Kechries 4 3 3 75.00 75.00 16 0.833 (+0.222) 0.010 (£0.007)
11.Livanata 3 2 1 66.67 33.33 6 0.667 (+0.314) 0.005 (£0.004)
12.Karavomilos 7 7 7 100.00 100.00 22 1.000 (£0.076) 0.013 (£0.008)
13.Lechonia 5 3 3 60.00 60.00 14 0.700 (+0.218) 0.010 (£0.006)
14.Korinnos 11 11 11 100.00  100.00 16 1.000 (£0.039) 0.006 (£0.004)
15.Pilaia 6 5 5 83.33 83.33 13 0.933 (+0.122) 0.006 (£0.004)
16.Vourvourou 4 3 2 75.00 50.00 8 0.833 (+£0.222) 0.006 (£0.004)
17.Porto Koufo 8 5 5 62.50 62.50 15 0.786 (+0.151) 0.005 (£0.003)
18.Vassova 6 6 3 100.00  50.00 22 1.0000 (£0.096)  0.012 (£0.007)
19.Drana 6 5 2 71.43 28.57 11 0.952 (+0.096) 0.005 (+0.003)
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Figure 3.7. Depiction of sampling stations of S. abaster species along the sublittoral zone of
Greece; a) 19 sampling stations, (b) 13 regions based on non-significance of pairwise values of
fixation indices (see Table 3.5).

Ewoéva 3.7. Amewovion tov otabudv tov &idovg S. abaster kotd pnkog g €AAVIKNIG
vronaparakng (dvng o () 19 otabpovg derypotoinyiog, kot (b) 13 meproyéc, opadomompuéveg
ue Baomn Tig un otatioTikd onUavTiKES TipEG Fst ava (evyog minbuoumv (BA. TTivaxa 3.5).

130



The results of the AMOVA analysis of the individuals from the 19 initial samples
resulted in the rejection of the homogeneity hypothesis. The level of differentiation was
very high (Fst = 0.604; P < 0.001) (Table 3.3.a), i.e. 60.43% of variation was attributed to
among-station differences. Subsequently, the 19 sampling stations were grouped in 13
regions according to the results of the pairwise comparison (Table 3.4 and 3.5, Figure
3.7.b). AMOVA analysis based on this grouping led to the highest Fct values (Fcr=0.534;
P < 0.000) (Table 3.3.b). Therefore this grouping was highly successful since most of the
among-station differences ware due to the among-group differences (53.39%) instead of
the among-population within groups (7.9%) (Table 3.3.b). When trying to divide
specimens in a simple Aegean / lonian group scheme, the Fcr value was lower (Fcr =
0.359; P < 0.001), indicating that even though there is highly significant distinction
between the individuals of the two Seas the grouping of samples into 13 regions is a better
depicter of the distribution of genetic variability among S. abaster populations (Table
3.3.0).

Table 3.3. Results of the hierarchical analysis of molecular variance (AMOVA) for S. abaster
species for the (a) 19 sampling stations; (b) 13 grouped regions; (c) lonian-Aegean Sea
populations, based on mtDNA Control Region.

IMivoxag 3.3. AmoteAéopata TG 1EPOPYIKNG ovdAvong poplakng dwakvpavene (AMOVA) tov
gidovg S. abaster yw: (a) 19 otabuovg derypatoinyiog, (b) 13 opadomomuéveg meproyés, (€)
minBuopovg loviov- Atyaiov, pe Baon v avdivorn g TePOYNS EAEYXOV TOV HITOYOVOPLUKOV
DNA.

Grouping Source of Variation Percentage of Variation Fixation Indices P values

Among stations 60.43 _

(@) Within stations 39.57 Fsr=0.604 P <0001
Among groups 53.39 Fcr=0.534 P <0.001
Among stations _

(b) within groups 7.90 Fsc=0.170 P <0.05
Within stations 38.71 Fs71=0.613 P <0.001
Among stations 35.94 Fer =0.359 P <0.001
Among stations 31.30 Fec=0.359 P <0.001

(c) within groups
Within stations 32.77 Fs1=0.672 P <0.001
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Table 3.4. Values of exact tests for differentiation among the individuals of S. abaster from the 19 sampling stations based on mtDNA Control Region.
Mivoxog 3.4. Tipég Tov eléyyov dapoporoinong ava (evyog Tov idovg S. abaster pe Baon v availvon g Teployng EAEYXOVL TOV HLTOXOVIPLUKOD
DNA.

Neochori Mitikas Tourlida Kalogria Katakolo Kotiki Kaiafa Moustos Kechries Livanata Karavomilos  Lechonia Korinnos Pilaia Vourvourou P. Koufo Vassova Drana
Drepano
Neochori 0.
Mitikas . 0. 0.
Tourida 0. 0. 0. 0.
Kalogia 0. 0. 0. 0 .00000
Katakolo 0. 0 0 .43477*  0.00¢
Kotiki 0. 0. 0 0 .40243* 0.90 0.
Kaiafa 0. 0. 0. 0 .48678% 0.8973¢° 0
Moustos 0. 0. 0.93969% 0 0.96040% 0
Kechries 0.67002¢ 0. 0.70655* 0. 0.59609 0 0.00000
Livanata 0.86601% 0. 0. 0. 0.88068 O 0.62590%
Karavomilos 0. 0. 0 0. 0.54507* 0 0.26815
Lechonia 0. 0. 0. 0.70272% 0. 0.44508* 0.00000
Korinnos 0. 0. 0. 0.77562* 0. 0.63342% - 0.30122* 0.00000
Pilaia 0. 0. 0. 0.81998* 0. 0.63868* 0.29674 -0.01369 0
Vourvourou ¢ 0. 0 0. 0.83227* 0. 0.61258* 0. 0.24892 0.05475 0.
P. Koufo 0. 0. 0.74840*% 0. 0.26904* 0. 0.48014* 0.63215% 0.
Vassova 0. 0. 0. 0.62373" 0. 0.39698* 0 0.03657 0.12592* 0. 0.00000
Drana 0. 0. 0. 0.81041* 0 0.63581* 0 0.34870* 0.06192 0. 0.00000

Statistical significant differences, *P <0.05 and **P <0.001.
2ToTIoTIKA oNUaVTIKES dtapopés, *P <0.05 ko **P <0.001.
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Table 3.5. Grouping of the 19 S. abaster sampling stations along the sublittoral zone of Greece in
13 regions, based on non-significance of pairwise values of the fixation indices (see Table 3.4).
IMivakoeg 3.5. Opadonoinon tov 19 otobudv derypatolnyiag tov gidovg S. abaster, kotd pnkog
™G EAANVIKNG VIOTapaAlakng Covng oe 13 meproyéc, pe PAoT TIG L1 GTOTIOTIKA OTUOVTIKES TLLES
Fst avd Cevyog minbuopav (BA. Iivaxa 3.4).

Sea Geographical region ~ Sampling stations Grouped sampling stations/
Regions
Port of Igoumenitsa Drepano lonian Sea (Drepano)
Amvrakikos Gulf Neochori lonian Sea, Amvrakikos Gulf
(Neochori)
Mitikas Mitikas lonian Sea (Mitikas)
. Tourlida Tourlida lonian Sea (Tourlida)
lonian Sea : :
Kalogria lonian Sea, Peloponnesus
(Kalogria)
Peloponnesus Katgko_lo lonian Sea, Pel_oppnnesus
Kotichi (Katakolo-Kotichi)
Kaiafa lonian Sea, Peloponnesus
(Kaiafa)
Korinthiakos Gulf Kechries Korinthiakos Gulf (Kechries)
Peloponnesus Moustos Aegean Sea, Peloponnesus
(Moustos)
. Livanata Aegean Sea, Evoikos-Pagasitikos
Evoikos Gulf Karavomilos Gulf (Livanata- Karavomilos-
Pagasitikos Gulf Lechonia Lechonia)
Aegean Sea . Korinnos Aegean Sea, Thermaikos-
Thermaikos Gulf Pilaia Kassandras Gulf (Korinnos-
\ourvourou Pilaia- Vourvourou)
Chalkidiki Porto Koufo Aegean Sea, Singitikos Gulf (P.
Koufo)
E. Macedonia Vassova Aegean Sea, E. Macedonia-
Thrace Drana Thrace (Vassova- Drana)
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The 13 sampling regions extracted from the AMOVA analysis (Figure 3.7, Tables
3.4, 3.5) were used in the phylogenetic analysis. The model of sequence evolution that best
fitted the 78 haplotypes of the Greek S. abaster species was the Maximum Likelihood
(ML) HKY+I+G phylogenetic tree (Hasegawa, Kishino and Yano model with gamma
distributed rate variation and a proportion of invariable sites,-InL = 2138.2029; Ti/Tv ratio
= 3.3155; F(A) = 0.2962, F(C) = 0.2251, F(G) = 0.1647, F(T) = 0.3140; gamma = 0.8170;
BIC = 5310.1118; Hasegawa et al. 1985). These haplotypes formed six distinct clades in
the ML tree, most of which were supported with high bootstrap values (Figure 3.8). Three
clades belonged to North-Central Aegean region (MtAEG-I, mtAEG-II and mtAEG-III),
one in the South Aegean (mtMOQOU), one in the Korinthiakos Gulf (mtKOR) and one in the
lonian Sea (MtION). The most proliferate clade was the mtAEG-1 (38 haplotypes) and the
least the mtKOR (2 haplotypes). The exact number of the haplotypes consisting each clade
is shown in Figure 3.8.
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Figure 3.8. Map of Greece and ML phylogenetic tree depicting the relationships between S.
abaster clades based on the mtDNA Control Region analysis. Circle sizes are proportional to the
frequency of haplotypes. The numbers below the clades represent posterior probability support
values (n, is the number of haplotypes belonging to each clade).

Ewova 3.8. Xdaptmg g EAAGSag kot @uloyevetikd dévipo péyiotng mibavoedvelng, Omov
amewovilovior ot oyéoelg petad tov odinlovyidv tov gidovg S. abaster, cvpeova pe to
amoteAéopaTo TG avaAvLoNG T TEPLOYNE eAEyxov tov putoyovoplakod DNA. To uéyebog tmv
KOKA@V gival oviAoyo tng cuyxvotntoag Tv amAotimmv. Ot apifuoi 6toug KAASoVE Tov dEVTPOL
QVTITPOCHOTEVOLV TIG TWEG VoTtepNS mhavoTNnTag (N, givarl 0 apBpog Tov aniotdinwy Kabe KAadov).
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In addition to the phylogenetic tree, network analysis (Figure 3.9) provided
further resolution regarding the relationship between the haplotypes of S. abaster in the 13
regions revealed by the AMOVA analysis (Figure 3.7, Tables 3.4, 3.5). Both analyses
reinforced the evidence for population of S. abaster specimens between the Aegean and the
lonian Sea, with most individuals forming well-delineated clusters of haplotypes. The six
defined clades revealed by the phylogenetic tree were also evident in the network analysis.
The right part of the network (consisting of 38 haplotypes) corresponded to the mtAEG-I
clade. The majority of this group’s haplotypes belonged to the Thermaikos- Kassandras
Gulf region and were mainly region-specific. Region specificity was also evident for
mtMOU and mtKOR clades. Among the individuals of the lonian Sea the most distinct
haplotypes were found in the Neochori region; all being region specific. The haplotypes of
the Mitikas region were also region-specific but not as distinct as those from the Neochori
region (Figure 3.9).
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Figure 3.9. Median-joining network of haplotypes of S. abaster Greek individuals, based on the
analysis of mitochondrial Control Region. Circle sizes are proportional to haplotype frequencies
(for the numbering of haplotypes see Table 3.4 in Appendix)

Ewoéva 3.9. Aiktvo median-joining tov oyéoeov tov amiotommv tov eidovg S. abaster otov
EMOdIKO YDPOo, COUE®VO HE TO OTOTEAECUATO TG OVAALONG TNG TEPLOYNG EAEYYOL TOL
putoyovoplakod DNA. To péyebog tov kdiKAmv gival avaloyo g cvyvotmtog kébe anrotdmov ()
apiBunon tov anlotinmy givor odupova e tov Iivaxa 3.4 tov Iapoaptiuetog).
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3.3.1.2. nDNA Locus Al
All PHASE probabilities for phases of individual positions were 0.63 or higher
indicating an acceptable accuracy of the analysis (Harrigan et al. 2008).

The nuclear DNA locus Al of Greek S. abaster species showed 21 variable sites
(Figure 3.10, Table 3.2.b in Appendix). The most polymorphic individuals (9 polymorphic
sites) were found in Kalogria station. The level of nucleotide diversity for the entire sample
was © =0.126+ 0.008 (ranging from 0 in Mitikas, Moustos, Kechries and Vassova to 0.094
in Kalogria stations), while the haplotype diversity was h=0.833+ 0.024 (ranging from 0 in
Mitikas, Moustos, Kechries and Vassova to 0.833 in Korinnos stations) (Table 3.6).
Among the 47 analyzed individuals 26 were homozygotic and 21 were heterozygotic
(Table 3.6).

GCGAGCACATGAAAATGGAAGTTGAGCATCGAATGCGGCGGCAGCTGAGC 50

GGGCGCCCGCGAGAGGCCAAATCAAGACCGCCTGTAGTGTCTGGGCCAAG 100
GGACGTGTTCCTAAACGTAGGCCACCAGTTGAAGACGAGTTTACAGGTCA 150
AGCGGATGACGAGGCTCACTTAAAATGAGTGGAATGGCTATTGITCTGTG 200
ACGGCGTTGGCGTCAGTGGTGGAGGCCTTTTTCGATGCTCATACTAAGGC 250
TTGCGCTTGAAGGCGGGCAGGCAACATGTGGCCGGAGGGCTTTGTGCCTG 300
TATGAGCAAAAATTAGCAGCTTGAAGTCATGAGCACGATTATGTCTGTAA 350
AGTCATCAATGGTGATGCGACTCGCAAGCTTGCTCGGCAGCGCCTCCGGT 400
CGCAAACACTTGCTGTGCTGCGCATCTGCCAAATGTGT 438

Figure 3.10. DNA consensus sequence of a 438bp amplified segment of nuclear DNA Locus Al.
Variable positions revealed after the analysis of 47 individuals of S. abaster species in the present
study are bold and underlined.

Ewova 3.10. AxorovBio avapopds Tov EVIGYLUEVOL TUHOTOS TOL TVpTVIKoD Tomov Al (438 C.B.).
Ot molvpop@ikég Bécels mov mpoékvuyay amd v aviivon 47 atdoumv tov gidovg S. abaster otov
eSO YOpo Katd TN Jdpkeln TG mopodoug MEAETNG Tapovoldlovtal EVIOVEG Ko
VIOYPOUUICUEVEG.

A total of 14 haplotypes were detected in a 438 bp fragment sequenced for 47
individuals from 17 sampling stations (Figure 3.11.a, Table 3.3.b in Appendix). The most
abundant and widely distributed haplotype was haplotype 6 (found in individuals in
Kalogria, Karavomilos, Lechonia, Korinnos, Pilaia, Vourvourou, P. Koufo, Vassova and
Drana stations) (Table 3.3.b in Appendix). The number of haplotypes in each station
ranged from one (in individuals from Mitikas, Moustos Kechries and Vassova stations) to
three in (in Neochori, Kalogria, Lechonia, Porto Koufo and Drana stations). Contrary to
mtDNA results, most individuals didn’t form well-delineated clusters of region-specific
haplotypes. The individuals from stations with at least one region-specific haplotype were
few: Neochori, Livanata, Lechonia, Porto Koufo and Drana (Table 3.6 and 3.3.b in
Appendix). This was also revealed by the number of unique haplotypes (UH) and the
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percentage of the station-specific haplotypes divided by the number of individuals (W).
However as in the mtDNA analysis, the motif of lack of shared haplotypes between the
lonian and Aegean Seas individuals (with the exception of Kalogria station) was retained
(Table 3.3.b in Appendix).

Table 3.6. Genetic variability observed in the nuclear Locus Al of Greek S. abaster individuals in
the present study. (n, sample size; ny, number of heterozygotic individuals; n,, number of
homozygotic individuals; Hp, number of haplotypes; UHp, station- specific haplotypes; V, the
percentage of the total number of haplotypes divided by the number of individuals; W, the
percentage of the station-specific haplotypes divided by the number of individuals; S, number of
polymorphic sites; h, haplotype diversity; =, nucleotide diversity) (values in round brackets
correspond to standard deviation values).

IMivaxkag 3.6. T'evetikn mowlotnTO. TOV TLPMVIKOL TOTOL Al TV atduwv Tov €idovg S. abaster
otov eMdIKO ydpo, pe Paon T mopovca perétn (N, o aplBUdc TV ATOU®VY; Ny, 0 AptBUdg TV
£1epOLVYOV ATOU®V; Npm, 0 aPOOg TV opdluymv atduwv; Hp, ot aridtumol kabe otabuod; UHPp,
ol povadikoi amiotumol Kabe otabuov; V, T0 m0G00T0 GLUVOAIKOV OPlOROd aTAOTOTOV/apPlOUd
atopov; W, 10 m0600T0 HOVASIK®V amAoTtummv/aplipd atopov; S, 0 aplBuds TOALHOPPIKOV
6écewv; H, n amhoTumiky] TOWKIAOTNTA; 7, 1) VOUKAEOTIONKT TOKIAOTNTA) (Ol TIHES OTIG TapeEVOESELS

AVTIGTOYOVV GTIV TUTIKY amOKALoN).

Sampling Station n Nt M Hp  UHp \Y w S h (&) FES)
1.Drepano 4 1 3 2 0 50.00 0.00 1 0.250 (£ 0.180) 0.007 (£ 0.010)
2.Neochori 3 1 2 3 1 100.00 3333 2 0.600 (+ 0.215) 0.019 (£ 0.019)
3.Mitikas 1 0 1 1 0 100.00  0.00 0 0 0
4.Tourlida 2 1 1 2 0 100.00  0.00 1 0.500 (+ 0.265) 0.014 (£ 0.017)
5.Kalogria 5 2 3 3 0 60.00 0.00 9 0.622 (£ 0.138) 0.094 (+ 0.059)

6.Kaiafa 2 1 1 2 0 100.00  0.00 1 0.500(+ 0.265) 0.014 (£ 0.017)
7.Moustos 3 0 3 1 0 33.33 0.00 0 0 0
8.Kechries 1 0 1 1 0 100.00  0.00 0 0 0
9.Livanata 3 2 1 2 2 66.67 66.67 3 0.533 (£0.172) 0.044 (+ 0.035)

10.Karavomilos 2 1 1 2 0 100.00 0.00 2 0.500 (x 0.265) 0.028 (£ 0.028)

11.Lechonia 3 3 0 3 1 100.00 3333 2 0.733 (£ 0.152) 0.024 (+ 0.022)
12.Korinnos 2 1 1 3 0 66.67 0.00 3 0.833 (= 0.222) 0.051 (£ 0.043)
13.Pilaia 3 1 2 2 0 66.67 0.00 2 0.600 (£ 0.129) 0.033 (+ 0.028)
14.Vourvourou 4 3 1 2 0 50.00 0.00 1 0.536 (= 0.123) 0.015 (£ 0.016)
15.Porto Koufo 3 2 1 4 2 66.67 66.67 3 0.800 (£ 0.172) 0.050 (+ 0.038)
16.Vassova 3 0 3 1 0 33.33 0.00 0 0 0
17.Drana 3 2 1 3 1 100.00 3333 3 0.600 (= 0.215) 0.028 (+ 0.025)
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1. Drepano

2. Neochori

3. Mitikas

4. Tourlida

5. Kalogria

6. Kaiafa

7. Moustos

8.  Kechries

9. Livanata

10. Karavomilos
11.  Lechonia
12.  Korinnos
13. Pilaia

14.  Vourvourou
15.  Porto Koufo
16. Vassova

', 17. Drana

%

. lonfan Sea (Drepano, Neochori,
“Mitikas, Tourlida)
lonian Sea, Peloponnesus (Kalogria)
lonian Sea, Peloponnesus (Kaiafa)
Aegean Sea, Pelop (Moustos)
Korinthiakos Gulf (Kechries)
Aegean Sea, Evoikos Gulf (Livanata)
Aegean Sea, Evoikos Gulf
(Karavomilos)
Aegean Sea, Pagasitikos Gulf
(Lechonia)
Aegean Sea, Thermaikos Gulf
(Korinnos, Pilaia)
Aegean Sea, Kassandras Gulf
(Vourvourou)
Aegean Sea, Singitikos Gulf (Porto
Koufo)

Figure 3.11. Depiction of samples of S. abaster species along the sublittoral zone of Greece (a) 17
sampling stations, (b) 12 regions based on non-significance of pairwise values of fixation indices
(see Table 3.8).

Ewova 3.11. Amewodvion tov atépov tov idovg S. abaster xatd pnkog g eAMAnvikng
vronaparakng (dvng o () 17 otabpovg derypotoinyiog, kot (b) 12 meproyéc, opadomompuéveg
ue Baon tig pun otatiotikd onuavtikés Twég Fsr avd Cebyog minBuoudv (BA. IMivaka 3.8).
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The results of the AMOVA analysis for the individuals from 17 initial sampling
stations resulted in the rejection of the homogeneity hypothesis. The level of differentiation
was very high (Fst = 0.773; P < 0.001) (Table 3.7.a), i.e. 77.33% of variation was
attributed to among-station differences. Subsequently, the 17 sampling stations were
grouped in 12 regions according to the results of the pairwise comparison (Tables 3.8, 3.9,
Figure 3.11.b). The AMOVA analysis based on this grouping, led to the highest Fcr values
(Fcr = 0.813; P < 0.001) (Table 3.7.b). Therefore, this grouping was highly successful
since most of the among-station differences were due to the among-group difference
(81.28%) instead of the among-station within groups (-3.08%) (Table 3.7.b). When trying
to divide individuals in a simple Aegean / lonian group scheme, the Fct value was lower
(Fcr = 0.576; P < 0.05), indicating that even though there was significant distinction
between the specimens of the two Seas the grouping of samples into 12 regions was a
better depicter of the distribution of genetic variability among S. abaster individuals (Table
3.7.0).

Table 3.7. Results of the hierarchical Analysis of Molecular Variance (AMOVA) for S. abaster
species for the (a) 17 sampling stations; (b) 12 grouped regions; (c) lonian-Aegean Sea populations
based on nuclear locus Al.

IMivoxag 3.7. AmoteAéopata TG 1EPOPYIKNG ovdAvong poplakng dwakvpavene (AMOVA) tov
gidovg S. abaster yw: (a) 17 otabuovg derypatoinyiog, (b)) 12 opadomomnuéves meproyés, (€)
mAnBuopovg loviov-Aryaiov, pe faomn v avédivon Tov Tupnvikod tomov Al.

Grouping Source of Variation Percentage of Variation Fixation Indices P values

Among stations 77.30 _

) Within stations 22.70 Fsr=0.773 P <0001
Among groups 81.28 Fcr=0.813 P <0.001
Among stations ) -

(b) within groups 3.08 Fsc=-0.164 P >0.05
Within stations 21.80 Fs7=0.782 P <0.001
Among groups 57.61 Fcr=0.576 P <0.05
Among stations 26.30 Fec=0.620 P <0.001

(c) within groups
Within stations 16.09 Fs7=0.839 P <0.001
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Table 3.8. Values of exact tests for differentiation among the individuals of S. abaster from the 17 sampling stations based on nuclear Locus Al.
IMivaokog 3.8. Tipég Tov gléyyov dapopomoinong avé (evyog mAnbucudv Tov gidovg S. abaster ue Baor tov mopnviko tomo Al.

Drepano  Neochori  Mikes  Tourida Kalogia ~ Kaiafa Moustos  Kechries ~ Livamata  Karavomios  Lechonia Korinnos ~~ Pilaia Vouvourou ~ P.Koufo  Vassova
Drepano  0.00000
Neochori -0.08244  0.00000
Mitkas -0.31765 -0.30435  0.00000
Towlda 0.05023 -0.01310 -0.26316 0.00000
Kelogia 0.69915™ 0.65695* 0.56621 0.82746* 0.00000
Keigfa ~ 0.61410" 0.44898* 0.52941 0.20000 0.65185% 0.00000
Moustos  0.98404% 0.36423% 1.00000% 0.37964* 0.35411% 0.38063% 0.00000
Kechries 0.97613* 0.94106* 1.00000 0.95966 0.15743 0.96172  0.00000 0.00000
Livenata  0.88335" 0.85217% 0.82383* 0.34516* 0.53638% 0.854e4% 0.27363¢ 0.7%66*  0.00000
Karavomilos 0.94082% 0.90470% 0.30734 0.30808% 0.07261 0.91428% 0.8451€% 0.71084 0.74443* 0.00000
Lechoriz  0.94097% 0.91321% 0.91622% 0.9168¢" 0.10404 0.92141% 0.71111% 0.55429 0.78857* 0.53327% 0.00000
Korimos 0.91123% 0.86398* 0.83¢73  0.86275% -0.0278¢  0.87037F 0.67367 0.43226 0.63677F -0.13333  0.22750  0.00000
Plaia ~ 0.91994# 0.88800* 0.87788% 0.88711% 0.01266 0.89352* 0.70000* 0.53846 0.73750* -0.10763 0.31111 -0.19740 0.00000
Vouvourou 0.95378% 0.93215% 0.94461* 0.93916* 0.15130% 0.94250t 0.77798% 0.67957% 0.82650% 0.62731% 0.07711 0.27004  0.38122% 0.00000
PKouo 0.89700% 0.86296* 0.83178% 0.85446" 0.16466 0.86211% 0.70000% 0.5384€* 0.71667* 0.04000 0.46667* 0.03306 0.10000 0.53768* 0.00000
Vassova  0.98208% 0.96000% 1.00000% 0.97716* 0.08065 0.97848% 1.00000% 1.00000% 0.85000% 0.73626* 0.13333 0.37882% 0.40000 0.23323 0.55000* 0.00000
Drana  0.93173% 0.9019¢* 0.89967% 0.90391% 0.01025 0.90928% 0.66667 0.49158% 0.76364* 0.33333 0.06667 0.02890 0.05714 0.13890  0.31892* 0.00000

Drana

0.00000

Statistical significant differences, *P <0.05 and **P <0.001.
2TOTIOTIKA oNUovTIKEG dtopopés, *P <0.05 kot **P <0.001.
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Table 3.9. Grouping of the 17 S. abaster sampling stations along the sublittoral zone of Greece in
12 regions, based on non-significance of pairwise values of fixation indices (see Table 3.8).
IMivakoeg 3.9. Opadonoinon towv 17 otobudv detypatolnyiag tov gidovg S. abaster, kotd pnkog
G EAANVIKNG VIOTapaAlakng Covng oe 12 meproyéc, pe PAoT TIG L1 GTOTIOTIKA OTUOVTIKES TLLES
Fst avé Cevyog minbuouav (PA. Iivaxa 3.8).

Sea Geogra}phlcal Samplmg Grouped sampling stations/ Regions
region stations
Port of Igoumenitsa Drepano
Amvrakikos Gulf Neochori N. lonian Sea (Drepano, Neochori, Mitikas,
lonian Sea Mitikgs Mitikgs Tourlida)
Tourlida Tourlida
Kalogria lonian Sea, Peloponnesus (Kalogria)
Peloponnesus Kaiafa lonian Sea, Peloponnesus (Kaiafa)
Korinthiakos Gulf Kechries Korinthiakos Gulf (Kechries)
Peloponnesus Moustos Aegean Sea, Peloponnesus (Moustos)
Evoikos Gulf Livanata Aegean Sea, Evoikos Gulf (Livanata)
Karavomilos Aegean Sea, Evoikos Gulf (Karavomilos)
Pagasitikos Gulf Lechonia Aegean Sea, Pagasitikos Gulf (Lechonia)
Aegean - - -
Sea Thermaikos Gulf K_or!nnos A_eg_ean Sea, Thermaikos Gulf (Korinnos-
Pilaia Pilaia)
Chalkidiki Vourvourou Aegean Sea, K_ass_apdras Gulf (Vourvourou)
Porto Koufo Aegean Sea, Singitikos Gulf (P. Koufo)
E. Macedonia Vassova Aegean Sea, E. Macedonia- Thrace (Vassova-
Thrace Drana Drana)

The 12 sampling regions extracted from the AMOVA analysis were used in the
phylogenetic analysis (Figure 3.12). The model of sequence evolution that best fitted the
14 haplotypes of the Greek S. abaster species was the Maximum Likelihood (ML) tree
K80 (Kimura 2-parameter model (Kimura 1980); -InL = 160.8965; Ti/Tv ratio = 1.2818;
BIC= 418.5481). These haplotypes formed four distinct clades in the ML tree (Figure
3.12). Most clades were supported with high bootstrap values. Three clades belonged to the
Aegean region (NAEG-I, nAEG-II and nAEG-III) and one in the lonian Sea (nION). The
most proliferate clade was the nAEG-I (6 haplotypes) and the least the nAEG-II and
nAEG-IIl (2 haplotypes). There was some similarity between the clades of the
mitochondrial and the nuclear phylogenetic tree but not complete identity, especially
regarding the depiction of the lonian Sea. The number of the haplotypes consisting each
clade is shown in Figure 3.12.
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Figure 3.12. Map of Greece and ML phylogenetic tree depicting the relationships between S.
abaster clades based on the nuclear Locus Al analysis. Circle sizes are proportional to the
frequency of haplotypes. The numbers below the clades represent posterior probability support

values (n, is the number of haplotypes belonging to each clade).

Ewova 3.12. Xaptng g EAAGOaG kol @uloyevetikd oévipo péylotng mboavopdavelos, Omov
amewovilovtot ot oyéoelg peta&d Tmv opddwv Tov gidovg S. abaster, copeova pe o aroTeEALGHOTO
g avélvong tov Tupnvikod tomov Al. To péyebog towv KOKAoV gival avdioyo Tov aTouw®Y KaOe
TEPLOYNG KAl TAL YPDOUOTO TG GVYXVOTNTAG TV amhoTOTt®V. Ot ap1Bpoi 6toug KAGSoVS Tov dEVTPOV

AVTITPOCHOTEVOLY TIG TWEG VoTtePNS ThavoTNTOG (N, 0 APBUOS TV omAOTOTOV KAOE KAAOOV).
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In addition to the phylogenetic tree, network analysis provided further resolution
regarding the relationships between the haplotypes of S. abaster in the 12 regions that were
revealed by the AMOVA analysis (Figure 3.13). Both analyses reinforced the evidence for
differentiation of S. abaster species between the Aegean and the lonian Sea. The four
defined clades revealed by the phylogenetic tree were also evident in the network analysis.
Three core haplotypes (i.e. most frequent) were found: haplotypes 1, 5 and 6. Contrary to
mtDNA results, most of the haplotypes were not region-specific. Among the individuals of
the Aegean Sea the most distinct haplotypes were found in the Evoikos Gulf (Livanata)
region; all being region-specific.

Aegean Sea, Pagasitikos Gulf (Lechonia)

! e

. ! 6 4 @ Aegean Sea, Thermaikos Gulf (Korinnos Pilaia)

\ ¢’ : 1§ Q @ Acgean Sea, Kassandras Gulf (Vourvourou)
12e

S. abaster ; L
lonian Sea i NAEG-II PAEG-I ! @ . lonian Sea (Drepano, Neochori, Mitikas, Tourlida)
R e y {09 5 Tonian Sea, Peloponesus (Kalogria)
i 04 \ | @ ‘ 0 Ionian Sea, Peloponesus (Kaiafa)
) ‘ . Aegean Sea, Peloponesus (Moustos)
: : @ Korinthiakos Gulf (Kechries)
i 01 : ® Aegean Sea, Evoikos Gulf (Livanata)
i i NAEG-I Aegean Sea, Evoikos Gulf (Karavomilos)
| | H
|
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@ Acgean Sea, Singitikos Gulf (P. Koufo)
. Aegean Sea, E. Macedonia- Thrace (Vassova, Drana)

S. abaster

Aegean Sea i

Figure 3.13. Median-joining network of haplotypes of S. abaster Greek individuals, based on the
analysis of nuclear Locus Al. Circles are proportional to haplotype frequencies (for the numbering
of haplotypes see Table 3.3.b in Appendix).

Ewoéva 3.13. Aiktvo median-joining tov oyxéceov tov aniotinmv tov gidovg S. abaster ortov
EALOSIKO YDPO, COLPMOVO, LIE TO ATOTEAEGIOTA TG AVAALGTG TOL TLPTVIKOD TOTTOV Al. To péyebog
TV KOKA@V glvar aviloyo tng ovyvotntag tov kdbe amiotvmov (n apibunon tov amiotdnmv
eaiverar otov IMivaxa 3.3.b Tov Mapatiuarog).
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3.3.2. Syngnathus typhle species; Greek populations

3.3.2.1. mtDNA Control Region

The mitochondrial DNA control region of Greek individuals of S. typhle species
showed 22 variable sites (Figure 3.14, Table 3.2.c in Appendix). The level of nucleotide
diversity for the entire sample was = = 0.008 + 0.002 (ranging from 0 in individuals from
Mitika, Katakolo, Gialova and Vassova stations to 0.010 in Pilaia station), while the
haplotype diversity was h= 0.953 + 0.001 (ranging from 0 in individuals found in Mitika,
Katakolo, Gialova and Vassova stations to 1.000 in Katakolo, Gialova, Korinnos, Pilaia
and Vassova stations) (Table 3.10).

TTGAGTTATTTAAACCACAGAACTAAGACATTTCACTAAGATATGCATAA 50
ACCATTAATGCAAACTACTAAATCTTAGTTTAGTGTTACTGGTTCCTAAA 100
ATCTAACACAACACTCATAAGTTAAGTTATACCACGACTCCAAAATCGAT 150
TAAATTAAGTATCTTAATGTAGTAAGAGCCTACCTACCAGTCCATTTCTT 200
AATGCCAACGGTTATTGATGGTCAGGCGCCCTTATTGTGAGGGTAGCTAC 250
CTAAAAGGTGAATTATTCCTGGCATTTGGCTCCTACTTCAGGTCCATTAA 300
TTTATTAACCCTCGCACTTTCATCGACGCTAGCATAAGTTAATGGTGGAA 350
ATCATACGACTCGTTACCCCCCAAGCCGGGCGTTCACTCCACAGGGGCAG 400
CTGGTTCCTTTTTTCGTTTTCCTTTCAATTAGCATCTCAGAGTGCACACG 450
GTATTAGATGATAAGGTTIGAACATTTCCTTGAATGAGTATATTCGTTTAA 500
TGTTGGAAAGACATTACATAAGAATTGCATATATCTATTACTAAAGCATA 550
ATACCTAAATTTTAGTCCTAATATTTTTAAGATCGCCCCTTCTTGGTTTA 600
ATTCCGACAAACCCCCTACCCCTTACAACCCTGACATGTCCGCCACTCCT 650
GCAAACCCCTAAGAAACAGGAATGTCCCGAGTAAAACTTATTATCTCACT 700
CGTCAATCAACAAATGTCATATGTATATAGTATTGTTAGATTTTCAAAAC 750
ACACCTGTATGCCATATTTAACTCATTAGACTCAAATTACACTAAGACCT 800
GCTCGCTGTTGTAGCT 816

Figure 3.14. DNA consensus sequence of a 816bp amplified segment of mitochondrial Control
Region. Variable positions revealed after the analysis of 24 individuals of Greek S. typhle
population in the present study are bold and underlined.

Ewova 3.14. AxoAiovBio ava@opds TOv EVIGYVUEVOL TUNUOTOS TNG TEPLOYNG EAEYYOV TOV
putoyovoplaxov DNA (816 C.B.). Ot molvpopoikéc Béoeig mov mpoékvyay amd v avdivor 24
atop@v Tov €idovg S. typhle otov eAhadikd xdpo mapovcetdlovial EVTOVEG KOl VITOYPOUUIGUEVES.

A total of 17 haplotypes were detected in a 816 bp fragment sequenced for 24
individuals from ten sampling stations (Figure 3.15, Table 3.2.c in Appendix). The most
abundant and widely spread haplotype was haplotype 7 (found in individuals from Mitikas,
Korinnos and Vourvourou stations) (Table 3.3.c in Appendix). The number of haplotypes
in each station ranged from one (Mitikas, Katakolo, Gialova and Vassova) to four
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(Drepano). The high percentage of the total number of haplotypes divided by the number
of individuals observed in most populations (V) revealed that more individuals need to be
examined in order to have a clearer view of haplotype frequencies. The highest number of
polymorphic sites was observed in individuals from Drepano and Pilaia stations. However,
only Drepano haplotypes were all station-specific, (Tables 3.10, 3.3.c in Appendix). In
general, with the exception of haplotype 7 (Katakolo, Korinnos and Vourvourou) and
haplotype 11 (Korinnos, Pilaia) there was a striking lack of haplotype sharing among the
studied stations, though it should be stressed again that this could be due to the low sample
size (Table 3.3.c in Appendix). This was also revealed by the number of unique haplotypes
(UHp) and the percentage of the station-specific haplotypes divided by the number of
individuals (W). There was no apparent differentiation between the lonian and Aegean
Seas in the distribution of haplotypes (Table 3.3.c in Appendix).

Table 3.10. Genetic variability observed in the mitochondrial DNA control region of Greek S.
typhle individuals as revealed in the present study (n, sample size; Hp, humber of haplotypes; UHp,
station-specific haplotypes; V, the percentage of the total number of haplotypes divided by the
number of individuals; W, the percentage of the station-specific haplotypes divided by the number
of individuals; S, number of polymorphic sites; h, haplotype diversity; z, nucleotide diversity
(values in round brackets correspond to standard deviation values).

Mivakag 3.10. Tevetikn mokiAdTnTO TNG TEPLOYNG EAEYYOL TOL ptoyovoplakod DNA tov atdpmv
oL €idovg S. typhle otov eAladikd ydpo pe Baon ™ mapovca puerétn (N, o apBuds TV ATOU®Y;
Hp, ot amhétvmor kabe otabpot; UHP, ot povadikol amidtumotl kébe otabuov; V, 10 m06octd
GUVOAKOV 0pBUoy amAOTOTTOV/apBpnd atdpwv; W, 10 m0G0oTd HOVASIKOV AmAOTOT®V/apOud
atopv; S, apldpog morlvpopeikdv Bécemv; h, n amlotvmikn TOKIAOTNTA, 7, 1] VOVKAEOTIOKN
TOKIAOTNTA) (01 TIUEG OTIG TOPEVOEGELS AVTIOTOLYOVV GTNV TUTIKT ATOKAION).

Sg?a‘flggg n Hp UHp V W s h @) ()
1.Drepano 4 4 4 100 100 12 1.000 (£0.177)  0.008 (+0.006)
2.Neochori 3 2 2 66.67 66.67 4 0.667 (+0.314)  0.003 (+0.003)
3.Mitikas 2 1 0 50 0 0 0 0
4.Katakolo 1 1 1 100 100 0 1.000 0
5.Gialova 1 1 1 100 100 0 1.000 0
6.Livanata 3 2 2 66.67 66.67 8 0.667 (+0.314)  0.007 (+0.005)
7.Korinnos 3 2 0 66.67 0 8 0.667 (£0.314)  0.007 (£0.005)
8.Pilaia 3 3 2 100 66.67 12 1.000 (£0.272)  0.010 (+0.008)
9.Vourvourou 3 3 2 100 66.67 9 1.000 (£0.272)  0.008 (£0.006)
10.Vassova 1 1 1 100 100 0 1.000 0
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The collected specimens were used in the mitochondrial control region analysis.

Ewova 3.15. Xdéptg otov omowo omewovifovtal ol TEPOYEG KOTA UNKOG TNG EAANVIKNG
vromapoiiaknig (dvng amd Tig omoleg cLAAEYONGOY Ta dTopa Tov gidovg S. typhle. Ta dtopa avta
YAPTNOLOTOONKOV GTNV AVAAVGT| TNG LTOYOVOPLOKNG TEPLOYNG EAEYYOV.

The results of the AMOVA analysis among individuals from the 10 sampling
stations showed a significant level of differentiation (Fst = 0.203; P < 0.05) (Table 3.11.a),
i.e. 20.31% of variation was attributed to among-station differences and 79.69% to within-
station. When trying to divide individuals in a simple Aegean / lonian group scheme, the
Fcr value was zero (Fcr = -0.042; P > 0.05), indicating that there is no significant
distinction between the specimens of the two Seas (Tables 3.11.b; 3.12).
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Table 3.11. Results of the hierarchical analysis of molecular variance (AMOVA) for S. typhle
species for the: (a) ungrouped 10 sampling station and (b) lonian-Aegean Sea individuals based on
MtDNA control region.

IMivakog 3.11. Anoteléopato g 1Epapykng avaivons poplakng dwakvpavons (AMOVA) tov
gidovg S. typhle yia: (2) 10 otabuovg deryporoinyiag kot (b) droua Toviov- Aryaiov, pe Baon v
avdAvon g TePLoYNg EAEYYOL ToL pitoyovdplakod DNA.

Grouping Source of Variation Percentage of Variation Fixation Indices P values
Among stations 20.31 _
(&) Within stations 79.69 Fsr=0.203 P<005
Among groups -4.18 Fcr =-0.042 P >0.05
Among stations _
(b) within groups 23.03 Fsc = 0221 P <0.05
Within stations 81.15 Fs1=0.189 P <0.05

Table 3.12. Values of exact tests for differentiation among individuals of S. typhle from ten
sampling stations based on mtDNA Control Region.

IMivaxag 3.12. Tiuéc Tov eléyyov drapopomoinong ava (edyoc TAnbuoumv tov gidoug S. typhle otnv
mePLOYN EAEYYOL TOL prToyovoplakod DNA.

Drepano Neochori Mitikas Katakolo Gialova Livanata Korinnos Pilaia Vourvourou  Vassova

Drepano  0.00000

Neochori 0.16410  0.00000

Miikas ~ 0.33758 0.77251 0.00000

Katakolo -0.13043 0.46¢6¢€7 1.00000 0.00000

Gialova 0.16123 0.63636 1.00000 1.00000 0.00000

Livanata 0.0315% 0.40984 0.57143 0.38462 0.30435 0.00000

Korinnos  0.13501 0.40984 -0.20000 0.33333 -0.77778 0.31429 0.00000

Pilia  -0.03776 0.22581 0.39241 -0.2631¢ 0.00000 0.10448 0.10448 0.00000
Vourvourou =0 . 03138 0.29091 0.07€92 -0.12500 -0.20000 0.27143 -0.15909 0.03077 0.00000

Vassova -0.13043 0.69231 1.00000 1.00000 1.00000 0.30435 0.30435 -0.50000 0.2173%9 0.00000

Statistical significant differences, *P <0.05; Xtotiotikd onpavtikég dapopés, *P <0.05.

The model that best fitted the 17 identified haplotypes of S. typhle species was the
Maximum Likelihood (ML) HKY+I phylogenetic tree (Hasegawa, Kishino and Yano
model with invariable sites, Hasegawa et al. 1985; -InL = 1355.2366; Ti/Tv ratio = 4.0871,
F(A) = 0.2993, F(C) = 0.2269, F(G) = 0.1670, F(T) = 0.3068; BIC = 2958.5366). The ML
tree revealed that there were no distinct clades formed (Figure 3.16). Network analysis
further showed that, even though the haplotypes in their majority were station- specific
there was no evidence of distinction between the lonian and the Aegean Seas (Figure 3.17).
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Figure 3.16. Maximum Likelihood HKY+I phylogenetic tree depicting the relationships between
Greek haplotypes of S. typhle species in the Aegean (— ) and the lonian (= ) Sea as inferred from
mtDNA Control Region analysis.

Ewéova 3.16. Dvloyevetikd oévipo péyomg mbavoedvewng (poviého HKY+I), omov
amewovilovon o1 oy£celg Tov amlotinwy Tov gidovg S. typhle and to Aryaio (—) kot To Iovio (=)
[TéAayog, cOpEOVA e TO ATOTEAEGUOTO TNG UVAAVGNC TOL TTEPLOYNG EAEYXOV TOV WUITOXOVOPLAKOD
DNA.
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Figure 3.17. Median-joining network of haplotypes of S. typhle Greek specimens, based on the
analysis of mitochondrial Control Region. Circles are proportional to haplotype frequencies (for the
numbering of haplotypes see Table 3.3.c in Appendix).

Ewoéva 3.17. Aiktvo median-joining tov cyécemv tov omhotimov tov gidovg S. typhle otov
EMOdIKO YDPOo, COUE®VO HE TO OTOTEAECUATO TG OVAALONG TNG TEPLOYNG EAEYYOL TOL
urroyovoplakod DNA. To péyeboc tov kiKAwv eivar avdAoyo thg cuyvoTNTOC TOV KAOE amloTOTOV
(n apiBunon v arhotdinwv tapovcialetar otov Iivaka 3.3.¢ tov [apaptiuatog).
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3.3.2.2. nDNA Locus Al

The nuclear DNA Al Locus of Greek individuals of S. typhle species included 10
variable sites (Figure 3.18, Table 3.2.d in Appendix). The level of nucleotide diversity for
the entire sample was © = 0.036 = 0.005 (ranging from 0 in individuals from Gialova and
Vourvourou stations to 0.063 in Neochori stations), while the haplotype diversity was h=
0.689 + 0.065 (ranging from 0 in Gialova and Vourvourou to 1.000 in Katakolo, Kechries
and Vassova stations) (Table 3.13). Among the 26 analyzed individuals 11 were
homozygotic and 15 were heterozygotic (Table 3.13).

GCGAGCACATGAAAATGGAAGTTGAGCATTIGGATGCGGCGGCAGCTGAGC 50

GGGCACCCCCGAGAAGCCAAATCAAGACCGCCTGTAGTIGTCTGGGCCAAG 100
GGACGTGTTCCTAAACGTAGGCCACCAGTTGAAGACGAGTTTACAGGCCA 150
AGCGGATGACAGGGCTCACTTAAAATGAGTGGAATGGATATTGTTCTGTG 200
ACGGCGTTGGCGTCAGTGGTGGAGGCCTTTTTGGATGCTCATTGTAAGGC 250
TTGCGCTTGGAGGCGGGCAGGCAACATGTGGCCGGAGGGCTTTGTGTCTG 300
TATGAGCAAAAATTAGCAGCTTGAAGTCATGAGCACGATTATGTCTGTAA 350
AGTCATCAATGGTGATGCGACTCGCAAGCTTGCTCGGCAGCGCCTACGGT 400
CGCAAACACTTGCTGTGCTGCGCATCTGCCAAATGTGT 438

Figure 3.18. DNA consensus sequence of a 438bp amplified segment of nuclear Locus Al.
Variable positions revealed after the analysis of 26 individuals of the S. typhle species in the
present study are bold and underlined.

Ewéva 3.18. AxorovBio avapopds Tov EVIGYLUEVOL TUHOTOS TOL TupTVIKoD Tomov Al (438 C.B.).
Ot molvpopikég BEoelg Tov TPoékvYa and TV aviivon 26 atduwv tov gidovg S. typhle otov
eEMOdIKO  YDpo Katd TN Jdpkel TG mopodoug MEAETNG Tapovoldlovtal €VIoveg Kol
VIOYPOUUICLEVEC.

A total of 11 haplotypes were detected in a 438 bp fragment sequenced for 26
individuals from 11 sampling stations (Figure 3.15, Table 3.3.d in Appendix). The most
abundant and widely shared haplotype was haplotype 1 (found in individuals from
Drepano, Neochori, Mitikas, Katakolo, Livanata, Korinnos, Pilaia Vourvourou and
Vassova stations) (Table 3.3.d in Appendix). The number of haplotypes in each station
ranged from one (Gialova and Vourvourou) to four (Drepano, Neochori, Livanata and
Pilaia) (Tables 3.13 and 3.3.d in Appendix). The high percentage of the total number of
haplotypes divided by the number of individuals observed in most stations (V) is an
indicator of the species polymorphism; in most cases each individual corresponded to a
haplotype. However more individuals need to be examined in order to have a clear view of
haplotype frequencies. In general, most of the haplotypes were not station- specific and
there was also high level of haplotype sharing among individuals from different stations
and among the lonian and Aegean Seas (Tables 3.13, 3.3.d in Appendix).
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Table 3.13. Genetic variability observed in the nuclear Locus Al of Greek S. typhle individuals, as
revealed in the present study (n, sample size; n,, number of heterozygotic individuals; ny,, number
of homozygotic individuals; Hp, number of haplotypes; UHp, station-specific haplotypes; V, the
percentage of the total number of haplotypes divided by the number of individuals; W, the
percentage of the station-specific haplotypes divided by the number of individuals; S, number of
polymorphic sites; h, haplotype diversity; =, nucleotide diversity) (values in round brackets
correspond to standard deviation values).

IMivakog 3.13. Tevetikh mokAdTTO, TOV TLPNVIKOL TOTOV Al TEOV OTOP®Y TOV €idovg S. typhle
61OV EAAOOIKO YDpo pe Pdon v mapovoa peétn (N, o aplBpdc TV atdu®V; Ny 0 aplBpdc TV
€1epOLVYOV ATOU®V; Npm, 0 aPOUOG TV opdluymv atopwy; Hp, ot aridtunol kabe otabupod; UHPp,
ol povadwkoil amidtumol Kabe otabuov; V, 10 m060oTd GLUVOAIKOV aplBpoy amAoTOTOV/aplBud
atopov; W, To 1060610 HoVASIK®Y oTA0TOT@V/0plOpd atopmv; S, aptBpog ToAVHOPPIKOY BEcemV;
h, n amlotomikn mOWKAOTTA; 7, 1] VOUKAEOTIOKY TOKIAOTNTA) (01 TWEG OTIS TopPeVOESELC
OVTIGTOYOVV GTIV TLTKY amdOKALoN).

Sgt”;g:)'gg e  nm  Hp UHp  V W s h () ()
1.Drepano 4 2 2 4 2 100.00 50.00 4 0.643(x0.184) 0.028 (£0.024)
2.Neochori 3 3 0 4 1 13333 3333 5 0.867(£0.130) 0.063 (+0.046)
3.Mitikas 3 1 2 3 0 100.00 0.00 2 0.733(x0.155) 0.024 (£0.022)
4.Katakolo 1 1 0 2 0 200.00 0.00 2 1.000(+0.500) 0.056 (£0.068)
5.Gialova 1 0 1 1 1 100.00 100.00 0 0 0
6.Kechries 1 1 0 2 0 20000 0.00 2 1.000(+0.500) 0.056 (+0.068)
7.Livanata 4 2 2 4 1 100.00 2500 4 0.643(x0.184) 0.038 (+0.030)
8.Korinnos 2 1 1 2 0 10000 0.00 2 0.500(£0.265) 0.028 (£0.028)
9.Pilaia 3 3 0 4 0 13333 0.00 5 0.867(£0.130) 0.057 (£0.043)
10.Vourvourou 3 0 3 1 0 3333 000 O 0 0
11.Vassova 1 1 0 2 1 200.00 100.00 1 1.000(x0.500) 0.028 (+0.040)

Table 3.14. Results of the hierarchical analysis of molecular variance (AMOVA) for S. typhle
species for the: (a) 11 sampling stations and (b) lonian-Aegean Sea individuals, based on the
nuclear Locus Al.
IMivakog 3.14. Anoteléopato g 1Epapykng avéivong popraxng dwakvpavons (AMOVA) tov
gidovg S. typhle yw: (a) 11 otabuovg dsrypotornyiog kot (b) droua Toviov- Atyaiov pe Pdon tov
TopnNviK6 tomo Al.

Grouping Source of Variation Percentage of Variation Fixation Indices P values
Among stations 451 _
(@) Within stations 95.49 Fsr=0.045 P>0.05
Among groups -1.11 Fcr=-0.011 P>0.05
Among stations _
(b) within groups 5.15 Fsc=0.051 P >0.05
Within stations 95.96 Fst=0.040 P>0.05
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The results of the AMOVA analysis of the individuals from the 11 sampling
stations (Figure 3.5) indicated a low, non-significant level of differentiation (Fst = 0.045; P
> 0.05) (Table 3.14.a), i.e. 4.51% of variation was attributed to among-station differences
and 95.49% to within-station. When trying to divide individuals in a simple Aegean /
lonian group scheme, the Fct value was zero (Fcr = -0.011; P > 0.05), indicating that there
was no significant distinction between the specimens of the two Seas and no genetic
differentiation among Greek population of S. typhle species (Tables 3.15, 3.14.b).

Table 3.15. Values of the exact tests for differentiation among individuals of S. typhle from the
eleven sampling stations based on nuclear Locus Al.

IMivakoeg 3.15. Tyég Tov eléyyov drapoponoinong ova Levyog minbuoumv tov gidovg S. typhle otov
Topnvikd tomo Al.

Drepano Neochori Mitikas Katakolo Gialova Kechries Livanata Korinnos Pilaia Vourvourou  Vassova
Drepano 0
Neochori 0
Mitkas -0
Katakolo
Gialova 0
Kechries -0
Livanata ¢
Korinnos -0
Pilaia 0
Vourvourou -0
Vassova

.53846 0.00000

Statistical significant differences, *P <0.05.
2TOTIoTIKA onpovTikés dapopés, *P <0.05.

The model of sequence evolution that best fitted the 11 identified haplotypes of S.
typhle species was the Maximum Likelihood (ML) JC phylogenetic tree (Jukes-Cantor
(Jukes and Cantor 1969); -InL = 115.0944; BIC = 301.8591). The ML tree revealed that
there were no distinct clades formed (Figure 3.19). Network analysis further showed that,
most haplotypes were not station- specific and that there was no evidence of distinction
between the lonian and the Aegean Seas. Instead there is a core haplotype (i.e. most
frequent) -1- which was surrounded by the rest of the haplotypes by a star-like pattern
(Figure 3.20).

The results of the nDNA analysis, network and phylogenetic tree analyses as well
as the AMOVA analysis supported the panmixia of the Greek population of S. typhle
species. This result is opposed to the well-delineated lonian and Aegean clusters of
haplotypes of S. abaster species.
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Figure 3.19. Haplotype Maximum
Likelihood JC  phylogenetic tree
depicting the relationships between
haplotypes of S. typhle species in the
Aegean (—) and the lonian (=) Sea as
inferred from the nuclear Locus Al.
Ewévo 3.19. ®uvioyevetikd dévipo
uéyiotng mbavoeavewng (povtéro JC),
omov ametkoviCovtor o1 GYECES TV
amlotOTev Tov gidovg S. typhle and to
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OOUPMOVO, UE TO OTOTEAECUATO  TNG
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Figure 3.20. Median-joining network of
haplotypes of S. typhle Greek specimens, based
on the analysis of nuclear Locus Al. Circles are
proportional to haplotype frequencies.

Ewoévo 3.20. Aiktvo median-joining tov
OoYE0EMV OMAOTOTIOV TOL &idovg S. typhle otov
EMOSIKO YDPO, COUPOVE [LE TO OTOTEAECUOTA
g avaivong tov mopnvikod tomov Al. To
péyebog tov  KOKA®V elvar  avaioyo  TNg
oLYVOTNTOG TOV KGOe amAothmov, TG mopovGOC
UEAETNG.
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3.3.3. Syngnathus typhle species; European population

3.3.3.1. mtDNA Control Region

A total of 111 haplotypes were detected in a 816 bp fragment sequenced for 356
individuals from thirteen sampling stations (Figures 3.21, 3.22). The European haplotypes
(Hap 1-95, GenBank accession humber: HM773035- HM7 73140) were described in detail
by Wilson and Veraguth (2010). The majority of the Greek haplotypes (Hap 96-111) were
region specific (Figure 3.22) and no available data existed so far. They displayed a closer
affinity with the haplotypes of the Marmara Sea but there was also a shared haplotype with
the Black Sea (haplotype 75) and two more intermediate between Marmara and Black Sea
(haplotypes 96, 106) (Figure 3.22). There was a striking lack of haplotype sharing between
W. Mediterranean Sea and Greek specimens. The Greek and Adriatic Seas samples formed
distinct clusters, too. However, a single individual from VEN carried a haplotype
(haplotype 61) distinct from the other Adriatic individuals and closely related to the Greek
haplotypes (Figure 3.22).
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Figure 3.21. Map of the sites that S. typhle specimens were collected along the sublittoral zone of
the European coastline. The Greek samples (ION and AEG) were collected in the present study.
The rest of the European sequences were retrieved from GenBank (Wilson and Veraguth 2010).
Ewova 3.21. Azncicovion tov ainbucpdv tov gidovg S. typhle katd pnkog g evpomaiknig
vrorapoiaxig (ovng. Ta detypota and tov eladikod ydpo (ION kar AEG) cvAléytnkav ot
wapovso  peAétn. [ touvg TANBLGHODE TV  VIOAOWW®V  EVPOTAIKOV — TEPLOYMV
ypnoonomdnkay ot katatednuéveg aAiniovyieg amd tovg Wilson and Veraguth (2010) ot Bdon
Genbank.
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Figure 3.22. Median-joining network of haplotypes of S. typhle European populations, based on
the analysis of mitochondrial Control Region. Circles are proportional to haplotype frequencies.
Ewéva 3.22. Aiktvo median-joining tov oy£cemv TV anAotHTmV TV TANOVGUOV Tov idovg S.
typhle otov gvpwnaikod xMPO, GOUPMVO, UE TO ATOTEAEGUATO TNG OVAAVGONG TNG TEPLOYXNG EAEYYXOV
Tov prroyovoplakod DNA. To péyeboc koximv eivar ovédioyo g ovyvotntag tov Kabe
OTAOTVTOV.
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3.3.3.2. nDNA Locus Al

A total of 35 haplotypes were detected in a 438 bp fragment sequenced for 216
individuals from thirteen sampling stations (Figure 3.23). Haplotypes 1-4, 7-22, 24-25,
27-35 correspond to the European haplotypes (GenBank accession number: HM773141—
HM773173) which were described in detail by Wilson and Veraguth (2010). Haplotypes
5, 6, 23 and 26 were described for the first time in the present study. The most abundant
and widely distributed haplotype was haplotype 3 (Figure 3.23). In general, there was a
striking lack of haplotype structure with many shared haplotypes across the samples.
Greek population shared haplotypes with individuals from all other studied regions
(Figure 3.23). However, the majority of Greek haplotypes belonged to haplotype 4
(Figure 3.23). This haplotype was also common within individuals form the Western
Mediterranean and the Atlantic Ocean. Even though there were two core haplotypes (3
and 32) only a few individuals of Greek S. typhle species possessed haplotype 3 (Figure
3.23). The difference between haplotypes 3 and 4 is attributed to one base substitution in
position 332. In this position the consensus sequence has an Adenine (A), whereas
haplotype 4 has a Thymine (T).
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Figure 3.23. Median-joining network of haplotypes of S. typhle European haplotypes, based on
the analysis of nuclear Locus Al. Circles are proportional to haplotype frequencies.

Ewoéva 3.23. Aiktvo median-joining tov cyécewv tov amlotdnwv tov gidovg S. typhle otov
EVPOTAIKO YDOPO, COUPOVO LE TO OTOTEAECUATA TNG OVAALGTNG TOL TLPTVIKOD Tomov Al. To
uéyebog Tmv KOKA@V glval avaAoyo thg cuyvoOTNTAG TOL KAOE AmTAOTOTOV.
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3.3.4. Phylogenetic relationships between Syngnathus abaster and Syngnathus typhle
species

According to the phylogenetic analysis of the Greek samples based on the Control
Region of the mtDNA, S. abaster and S. typhle formed monophyletic groups (Figure
3.24.a). A total of 95 haplotypes were detected in a 816 bp fragment sequenced for 139
individuals. No shared haplotypes were found between S. typhle and S. abaster species,
excluding the phenomenon of hybridization. The same results were also inferred from the
phylogenetic analysis based on the Locus Al of the nDNA (Figure 3.24.b).

When the Greek haplotypes of S. abaster were analyzed with all of the European
haplotypes of S. typhle, the relative position of the two species revealed by the Greek
populations did not alter (Figure 3.25). Both markers revealed that the two species formed
two monophyletic groups (Figure 3.25.)
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Ewoéva 3.24. Aiktvo median-joining tov oyécenv tov anlotinmv tov TAnfucudv tov elddv S.
abaster xou S. typhle ctov eAhadikd ydpo, COUEOVO LE TO OTOTEAEGHOTO TG AVOAVGNG &) TNG
ePLoYNg eAEYYXOL ToL ptoyovoplakod DNA kat b) tov mopnvikod témov Al. To péyebog twv
KOKA@V gival avdAoyo g cuyvotntog tov Kabe amiotdvmov. Ta ypduoto oviietoyodv 6€ avTd
ano g Ewoveg 3.9, 3.13, 3.16, 3.20.
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Figure 3.25. Median-joining network haplotypes of S. abaster and S. typhle European populations
based on the analysis of a) mitochondrial Control Region and b) nuclear Locus Al. Circles are
proportional to haplotype frequencies.

Ewoéva 3.25. Aiktvo median-joining tov oyécenv tov anlotinmv tov TAnfucudv tov elddv S.
abaster kot S. typhle otov gvponaikd YHdPO, COUPOVO HE TO ATOTEAEGUATO TNG OVAAVONG &) TNG

neployng eAEyyxov tov proyxovoplokod DNA kot b) tov mupnvikod tomov Al. To péyebog tov
KOKA®V glval ovaA0YO TG cLYVOTNTOG TOL KAOE AmAOTOTTOL.
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3.4. DISCUSSION
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A species genetic structure is defined as the spatial and temporal distribution of
genotypes (Hewitt 1999). By definition it is a complex equilibrium between processes
favoring genetic homogeneity/ panmixia (gene flow) and genetic differentiation/ isolation
(natural selection, drift and mutations) (Wright 1943; Slatkin 1985, 1987; Grant 1998;
Bohonak 1999). These processes may stem from contemporary drives (environmental
parameters or/and species-specific life history/ecological traits) or/ and past demographic
events (climatic shifts and natural disasters leading to vicariant events, bottlenecks and
founder effects etc.) (Avise et al. 1987; Avise, 2000; Hewitt 2000).

The most known contemporary drives are i. resource distribution and predation that
leads to accumulation of large numbers of individuals in high quality territories (Slatkin
1987) and ii. dispersal ability. The general rule dictates that species with high dispersal
ability exhibit genetic homogeneity and vice versa (Storz 1999; Ross 2001). However,
exceptions to this rule started to gain ground (Hewitt 2000, Pelc et al. 2009). At the same
time, the Ice Ages (especially the Pleistocene period) is probably the palaeoclimatic feature
with the most defining impact on the genetic structure of numerous temperate species (e.g.
Taberlet et al. 1998; Hewitt 2000; Provan and Bennett 2008; Wilson and Veraguth 2010;
Alexandri et al. 2012, Zigouris et al. 2013) and is postulated to have shaped geographical
patterns of genetic diversity. During the repeated cycles of glaciated and unglaciated
activities Northern regions were mostly affected and many species inhabiting these areas
went extinct or sought refugia in southern areas (Lomolino et al. 2006). These southern
areas were the onset for a northward range expansion into old and new habitats mostly
after last glacial maximum (LGM) (Hewitt 2000, Bernatchez and Wilson 1998; Hofreiter
et al. 2004).

For marine ecosystems, the Pleistocene period is characterized by changes in the
sea levels, which led to the drying of some estuaries and coastal areas (Durand et al. 2005).
This change or even loss of near-shore reproductive habitats affected mostly intertidal,
estuarine and nearshore- coastal species, while pelagic species are thought to be more
resilient to glacial-induced habitat changes (Hellberg et al. 2001; Altman and Taylor 2003,
Hickerson and Cunningham 2005).

Syngnathids, as near-shore animals, were affected by the repeated glacial
interglacial cycles across their range. When the sea levels fell, they sought shelter in
protected areas and postglacially managed to recolonize old and new habitats (mostly
through repeated founders event), when the sea levels rose again (Chenoweth et al. 2002;
Lourie and Vincent 2004; Mobley et al. 2011; Wilson 2006; Wilson and Veraguth 2010).
As already stated, the two pipefishes (S. abaster and S. typhle) form distinct clades which
reflect geographical affinities (Wilson and Veraguth 2010; Alaya et al. 2011; Sanna et al.
2013a).

The present study has given us valuable insights on the genetic structure and
evolutionary patterns of S. abaster and S. typhle species both on a broader (European-
Mediterranean coastline) and a more local (Greek coastline) scale. At a broader scale the
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extended sampling of Greek seas reinforced the hypothesis that both S. abaster and S.
typhle form well-defined clusters across their range (Wilson and Veraguth 2010; Alaya et
al. 2011; Sanna et al. 2013a). On the contrary, along the Greek coastline the results of the
population genetics analysis revealed a contrasting patterns of genetic structure between
the two species i.e. strong population structure for S. abaster and shallower for S. typhle.
These outcomes are discussed in the following pages.
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3.4.1. Insight into the phylogeography of S. abaster and S. typhle.

At European level the work of Wilson and Veraguth (2010) has revealed a high
degree of phylogeographic structure of S. typhle across its range, forming four clades
which corresponded to major biogeographical zones: i) Baltic Sea- Atlantic Ocean, ii) W.
Mediterranean, iii) Adriatic Sea iv) Marmara and Black Seas. mtDNA analysis in the
present study showed that the Greek haplotypes belonged to distinct clades from the W.
Mediterranean, Adriatic Marmara and Black Seas, forming thus an additional E.
Mediterranean group (Figure 3a).

The distinct clades between the Greek and the Adriatic haplotypes did not come as a
surprise. Several studies demonstrate i) that Adriatic Sea is a well-defined biogeographical
zone within the Mediterranean (Bianchi 2007, 2012; Patarnello et al. 2007) and ii) the
presence of a genetic break among the Adriatic and the lonian Sea (e.g. Borsa et al. 1997;
Tinti et al. 2002; Steffani and Thorley 2003, Gysels et al. 2004; Zardoya et al. 2004;
Triantafyllidis et al. 2005; Teixeira et al. 2011; Sanna et al. 2013b). This pattern of genetic
discontinuity is attributed to the vicariant event of Pleistocene (Bianchi 2007; 2012) and to
a more contemporary hydrographical and circulation patterns i.e. temperature, salinity,
tidal activities and gyres (Poulain 2001; Zardoya et al. 2004; Rolland et al. 2007;
Patarnello et al. 2007).

Furthermore, many so far published studies indicate a reduction in the gene flow of
Eastern and Western Mediterranean Sea populations for many marine species, even for
those with high dispersal ability and large population size (e.g. Borsa et al. 1997; Bahri-
Sfar et al. 2000; Stefanni and Thorley 2003; Suzuki et al. 2004; Sanna et al. 2013b). This
pattern of differentiation has been attributed to the complex history of the Mediterranean
Sea that was severely affected by the last glacial interglacial periods. The vast fluctuation
of the sea levels altered the geomorphology of the coastline and combined with
hydrological features (thermal and salinity structure, as well as circulation regimes, Millot
1999; Carlsson et al. 2004) ultimately led to the genetic clades of the eastern and western
basins (e.g. Bahri-Sfar et al., 2000; Magoulas et al. 2006; Bianchi 2007). The Siculo-
Tunisian Strait is one of the major genetic breaks separating western and eastern
Mediterranean Sea (e.g. Borsa et al. 1997; Carlsson et al. 2004; Bianchi 2007; Sanna et al.
2013b). This genetic break seems to be also responsible for the separation of the
Mediterranean populations of S. typhle and the formation of the eastern clade in which the
Greek population belonged to.

Greek haplotypes were clearly separated from the W. Mediterranean and the
Adriatic, with the exception of haplotype 61 (Figure 3a). This haplotype was observed by
Wilson and Veraguth (2010), too. Since Greek samples were lacking in that study, they
suggested that it was directly linked to the Marmara Sea population. However, the addition
of the Greek haplotypes showed its affinity with the E. Mediterranean. This unique
haplotype may indicate a more recent, though limited, gene exchange between E.
Mediterranean and Adriatic Sea populations. A more far-fetched scenario is that this
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haplotype may represent an early offshoot Adriatic lineage that introgressed an E.
Mediterranean type mitochondrial genome before or during the beginning of the glacial-
interglacials cycles. This lineage may have possibly persisted in the E Mediterranean
refugium, and then recolonized the basin. It would be interesting to analyze more
individuals along the Adriatic, lonian and Aegean coastlines, in order to clarify whether
this is a random event or not.

This outcome sheds more light in the species European- PontoCaspian tree,
providing additional data on the direction of the species post glacial recolonization pattern.
In particular, due to the many private alleles present in the Black Sea Wilson and Veraguth
(2010) pondered if “populations of S. typhle species had persisted in the Black Sea during
its separation from the Sea of Marmara and Mediterranean or not”. Despite the addition
of the Greek haplotypes most of these private alleles still exist. Therefore, it seems that a
population could have indeed persisted in the Black Sea during the Pleistocene period.

At the same time, the presence of three Greek haplotypes (Hap 75, 96, 106) within
the Marmara- Black sea complex indicate that: i) there could be a present restricted gene
flow between the populations of the E. Mediterranean and the Marmama-Black Seas
and/or ii) besides the population that might have persisted during the Pleistocene in the
Black Sea, the basin could have also been recolonized from an eastern Mediterranean
refugium.

In order to test these hypothesis a larger sample size of the Greek population, fossil
data from the Black Sea and recolonization times of E. Mediterranean and Black Sea are
necessary. However, none of these are available. Therefore, all scenarios are considered
possible as they are also supported by similar patterns in other marine species i.e.
Engraulis encrasicolus persisted in the Black Sea during glacial- interglacial events
(Magoulas et al. 1996), Platichthys flesus recolonized Black Sea from an eastern
Mediterranean refugium (Borsa et al. 1997), gene flow occurred between E. Mediterranean
and Black Sea populations of Cerastoderma glaucum (Nikula and Vainola 2003).

At the same time the western and southern Mediterranean populations of S. abaster
form well-defined clusters (Alaya et al. 2011; Sanna et al. 2013a). As already discussed,
the available sequences of the W. Mediterranean populations could not be incorporated and
compared to the Greek haplotypes in order to have a deeper insight into the species
phylogeography. However, the high degree of phylogeographic structuring detected in
southern and western. Mediterranean Sea populations (Alaya et al. 2011; Sanna et al.
2013a) and the remarkable regional structure in the Greek haplotypes revealed in the
present study reinforce the indication that the species exhibits isolation by distance pattern
at a broader scale. Whether the lonian and/ or Aegean Sea populations group with any of
the rest of the Mediterranean clades (Sanna et al. 2013a) or forms a cluster of their own
needs to be further examined.
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3.4.2. Contrasting patterns of genetic structure for S. abaster and S. typhle

At a more narrow scale (along the Greek coastline), both mtDNA and nDNA
analyses revealed different population structure among the sympatric S. abaster and S.
typhle (Figure 2, Table II). In most cases, a striking lack of haplotype sharing between
lonian and Aegean Sea individuals of S. abaster was observed as opposed to a shallower
(even non-existing) population structure for S. typhle (Figure 2, Table Il). The different
levels of population structure between the two species indicate an incongruent post glacial
recolonization pattern and subsequent evolution history.

In particular, both species, as littoral organisms, were most probably affected by the
Pleistocene period. The successive glacial- interglacial circles that led to a retreat in the sea
water level could have forced both species to abandon the Greek coastline and retreat in
protected refugia. From that point onward the two species seem to have followed different
paths. In particular, it is more likely that the individuals of S. abaster that postglacially
recolonized the lonian and Aegean Seas originated from at least two spatial separated
refugia i.e. one for the Aegean and one for the lonian Sea populations. On the other hand,
the Greek population of S. typhle most probably originated from a common refugium
located somewhere in the Eastern Mediterranean.

The possibility of two glacial refugia for the individuals of S. abaster is supported
by the results of the Network (Figure 2a-b) and AMOVA (Table I1) analyses but also by
the information provided by the nucleotide (x) and haplotype (h) diversity indices (Table
I). AMOVA and network analysis based on both mtDNA and nDNA markers revealed in
most cases a lack of haplotype sharing among the individuals from the lonian and Aegean
Seas which led to a significant subdivision between the two seas populations and more
regional groupings. Also, along the Greek coastline the observed high values of both
indices based of both markers are within the range of those reported for other
Mediterranean populations of S. abaster (Alaya et al. 2011; Sanna et al. 2013a) as well as
other marine teleost species (Grant and Bowen 1998, Karaiskou et al. 2004). Such pattern
is characteristic of i) secondary contact of previously isolated population or ii) large and
stable populations through a significant time frame (Grant and Bowen 1998). Given that
stable populations are typical of open sea or oceanic species and not of near shore -such as
syngnathids-(Grant and Bowen 1998), the scenario of secondary contact is probably more
suitable for S. abaster.

The difference in the genetic background of lonian and Aegean Sea populations of
S. abaster could have been sustained and enhanced by the limited dispersal ability of the
species benthic juvenile and adult specimens (Silva et al. 2006). However, the existence of
few shared haplotypes between the populations of the two Seas indicates that a limited
gene flow was sustained even at a comparatively recent timescale, despite the geographical
barriers, hydrological features and reduced dispersal ability. This restricted gene flow
could be most probably attributed to passive transportation (Wilson 2006; Sanna et al.
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2013a) but it seems that it was not sufficient to overcome the level of differentiation in the
populations of the two Seas (Slatkin 1987; Pineda et al. 2007; Schunter et al. 2011).

The possibility of a common glacial refugium for the Greek population of S. typhle is
supported by the results of Network (Figure 2c-d) and AMOVA (Table I1) analyses based
on both mtDNA and nDNA markers. mtDNA analysis revealed a significant level of
differentiation among the studied populations (Fst = 0.203; P < 0.05). Despite the reduced
haplotype sharing between the individuals of the lonian and Aegean Seas genetic structure
could not be attributed to a significant distinction between the individuals of the two Seas
or to any other known geographical barrier. On the other hand, the results of nDNA
analysis were incongruent with the genetic structuring revealed by the mitochondrial
marker. According to the nuclear marker most haplotypes were shared between individuals
from the studied localities, indicating high levels of connectivity and a gene flow stronger
than any known geographical barrier that led to panmixia (Fst = 0.045; P > 0.05) (Table

).

A possible explanation for the common genetic background could be the existence
of a common refugium i.e. a common gene pool, located somewhere in the Eastern
Mediterranean- since Greek haplotypes of S. typhle form a clade of their one which is
distinct from the Adriatic, W. Mediterranean and Marmara-Black Seas clades (Figure 3a).
When the recolonization process was completed, the common genetic background could
have been sustained due to the benthopelagic behavior of S. typhle specimens. In
particular, despite the presence of the bony armor along the species body (Dawson 1986),
the benthopelagic behavior of the species individuals- and hence the increased possibility
for passive transportation- could have sustained a contemporary gene flow (e.g. Slatkin
1987; Pineda et al. 2007; Schunter et al. 2011). The resulting levels of gene flow seem to
have overcome geographical barriers and led to gene exchange even among individuals
from distant localities, such as the ones from Drepano (lonian Sea) and Vassova (Aegean
Sea).

The incongruent patterns of genetic structure along the European and the Greek
coastline as revealed by both markers could be a result of their different evolutionary rate.
Given that mitochondrial DNA evolves faster than nuclear (Brown et al. 1979, Caccone et
al. 1999) the contradicting genetic structure could indicate a contemporary differentiation
on the mtDNA that has not been depicted in the nuclear genome yet. A second hypothesis
could be based on the different heritage line of both markers i.e. mtDNA is inherited
through the maternal line while nDNA through both maternal and paternal (Meyer 1993).
Therefore, the observed difference could imply that females have larger dispersal ability
than males.

In conclusion the results of the present study indicate that the same vicariant event,
glacial-interglacial cycles, and the different degree of dispersal ability are most probably
responsible for the incongruent genetic structuring of S. abaster and S. typhle along the
Greek coastline i.e. distinct lonian and Aegean clades for S. abaster in contrast to the
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shallower genetic structure uncorrelated to geographical barriers for S. typhle. A similar
pattern has been observed in many congeneric and sympatrically occurring species
worldwide (e.g. Dawson et al. 2002; Cabral et al. 2000; Bargelloni et al. 2005, 2008;
Hickerson and Cunnigham 2005; Mokhtar et al. 2011; Felix Hackrad et al. 2013)
underlining the importance of comparative phylogeographic studies in disentangling
contemporary from past demographic effects (e.g. Dawson et al. 2002; Kelly and Palumbi
2010).
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Chapter 4. Morphometric analysis of Syngnathus abaster and
Syngnathus typhle species along the coastline of Greece
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4.1. INTRODUCTION
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In the last decades there is a growing interest in the evolutionary origins and pattern
of diversification among syngnathids. The main tools to address this growing concern are
the molecular and morphological techniques (e.g. Dawson 1986; Keivany and Nelson
2006; Mobley et al. 2011; Wilson and Orr 2011). Morphological analyses are mostly based
on meristic variables (Dawson 1986; Hablutzel 2009; Alaya et al. 2011), specific length
measurements (Dawson 1986; Lourie et al. 1999; Cakic et al. 2002; Thangaraj and Lipton
2011; Anderson 2012; Mwale et al. 2013) and some landmark-based morphometric
characters (Leysen et al. 2011).

The present morphological taxonomy of European syngnathids is based on
Dawson’s Key, which uses meristic counts and general body features- particularly from the
head- for identification (Dawson 1986). Two of the most well studied European species are
Syngnathus typhle and Syngnathus abaster (Dawson 1986; Cakic et al. 2002; Ben-Amor
2007; Giirkan 2008; Alaya et al. 2011; Giirkan and Taskavac 2012).

Mov¢an (1988, according to Cakic et al. 2002) and Cakic et al. (2002) were the first
who- based on morphometric and length measurements as well as meristic characters-
proved the differences among marine and freshwater populations of syngnathids from the
Black and Azov Seas and Danube River. The populations were mainly separated by length
measurements, while meristic characters were not so important. Both studies suggested
that the differences could be a phenotypic response to the habitats in which the populations
live (Movc¢an 1988, Cakis et al. 2002).

Alaya et al. (2011) and Sanna et al. (2013a) highlighted the impact of
environmental changes on phenotypic studies of S. abaster. Based on nine meristic
characters Alaya et al. (2011) showed phenotypic divergence between a Tunisian and a
French lagoon population but also among two subpopulations of the French lagoon. The
segregation of French and Tunisian populations was also supported by molecular data.
Sanna et al (2013) showed that meristic characters can discriminate W. Mediterranean
populations of S. abaster species. This discrimination was also supported by molecular
data.

Hablutzel (2009) was the first to compare the morphometry of the European
pipefishes in order to explore the possibility of hybridization in the Syngnathus genus. In a
comparative study between Syngnathus typhle, Syngnathus taenionotus and Syngnathus
rostellatus species he indicated that morphometric analysis is a powerful tool in the
discrimination of the three species.

Besides phylogenetic studies morphometric tools have also been used to prove
sexual size dimorphism between male and female syngnathids. Giirkan and Taskavak
(2012) showed that in S. typhle species head and body lengths are larger in females than
males.
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Compared to the progress that has been made on phylogenetic studies on a
molecular level (Hablutzel 2009; Wilson and Veraguth 2010; Woodall et al. 2011; Alaya et
al. 2011; Sanna et al. 2013a) it is obvious that morphometric analysis is in early stages.
Even though, S. abaster (to a larger extent) and S. typhle (in a smaller) are well-known for
their phenotypic variability, data at a macro- and microgeographical scale are rare and
scare and limited to the above mentioned studies. However, morphometric techniques are
widely used in ichthyology in order to detect patterns of phenotypic relationships between
taxa (Strauss and Bookstein 1982; Cadrin 2000), to assess possible and effective
hybridization events (Humphries 1984; Neff and Smith 1978), to differentiate populations
and fish stocks (Reist 1985; Cadrin and Friedland 1999; Kassam et al. 2004; Ibanez et al.
2007; Gomez and Monteiro 2008) etc.

Moreover, in the era of truss protocol and geometric morphometric techniques,
morphological analyses of the two species are mostly based on Dawson’s key (1986).
However, the meristic variables and the length measurements vary between the existing
studies and comparisons among them are difficult. Also, since these measurements are
highly correlated with size, much effort must be dedicated to size correction. Finally, linear
distances cannot depict the complex shape of an organism leading to insufficient results
(Adams 2004).

As already mentioned S. abaster and S. typhle species occur sympatrically along
the Greek coastline. Existing studies across both species distributional range demonstrated
that they occupy different ecological niches. In particular, S. typhle is a benthopelagic
species feeding mostly on mobile and large pelagic preys (from Copepods to small size
Gobiidae) (Malavasi et al. 2007, Oliveira et al. 2007). On the other side, S. abaster is a
benthic species with a preference on little prey hidden in the vegetation (Malavasi et al.
2007; Franzoi et al. 2004). Different ecological niches of syngnathids have already been
correlated with distinct morphological patterns (Kendrick and Hyndes 2005; Oliveira et al.
2007; Roos et al. 2009; Leysen et al. 2011; Van Wassenbergh et al. 2011)

Taking this factor into consideration, the first aim of the present chapter was to
explore whether S. abaster and S. typhle are morphologically distinct or exhibit
intermediate morphotypes. Given the above mentioned differences in the ecology of the
two species they were expected to form two non-overlapping clades with no intermediate
morphotypes.

The second goal of the present chapter was to check the morphological pattern of
the two species along the Greek coastline. In fish species morphological variation is
affected by trophic and environmental conditions (Corti et al. 1996; Clabaut et al. 2007).
As already mentioned lonian and Aegean Sea constitute different biogeographical zones,
formed during the Pleistocene (Bianchi 2007) and are susceptible to different
environmental factors (Coll et al. 2010). Therefore, distinct morphological patterns
between the populations of both species in the lonian and the Aegean Sea were expected to
be found.
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4.2. MATERIALS AND METHODS
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4.2.1. Sampling stations

Specimens of Syngnathus abaster and Syngnathus typhle were collected along the
mainland sublittoral zone of Greece and the Venice Lagoon (Figure 4.1, Table 4.1), using a
hand net (mesh size of 2-4 mm). Samples were stored at 4% neutralized formalin solution.
The localities depicted the range of the species distribution along the major
biogeographical regions/ basins in the mainland coastline of Greece. In the laboratory, each
specimen was identified to species level based on the key for European syngnathids
(Dawson 1986).

For the morphological comparison of S. abaster and S. typhle species and the
phenotypic variation of their populations, specimens from all sampling sites were
analyzed. The sexual size dimorphism analysis was conducted in samples from Drepano
and Neochori populations (Figure 4.1). Sex was determined macroscopically (existence of
brood pouch) and -when needed- microscopically.

Porto Lagos

AT 3 Venice @
{‘ O = Drana p
25 ) Pilaia (77 ( Nassova \ .
'~. S g
b ¥R Vaur\'rgurou R
; - K D )8
A \_\H % Korinnos ‘ o ’ Porto Koufo_s - /
) | e T S el o
[l N el 3 s {
N A "™ \
o~/ \ g)’epam N\ 0
\J ~ - Neochori '

NI
4T

Barm,

[ gMitkas " gKaravomylos
w4 aTourlida SN C
M l(_’:;,, paanand Vi *#yqnata '
4, ) .Ka’logri'?« o
Katakolo ("
WA @ Kotiki

i (’/‘/

) S

Figure 4.1. Map of Greece showing the sampling stations for the two studied species in the present
study (® S. typhle lonian Sea, ® S. typhle Aegean Sea@® S. abaster lonian Sea® S. abaster Aegean
Sea). For number of samples see Table 4.2.

Ewova 4.1. TTeproyég derypotoinyiog otnv EALGOa yio tar 600 pedetdpeva €idn Katd T mapodoa,
peré @ S. typhle Toviov Ieddyoud® S. typhle Aryaiov Tehdyouc® S. abaster Ioviov ITehdyous,®
S. abaster Aryaiov ITeldyovg). O apBudc Tv cuiieyxbéviov atdpnv tapovctdletarl otov Ilivaka
4.2.
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Table 4.1. Short description of the sampling stations along the sublittoral zone of Greece, from
which samples of S. abaster and S. typhle species were collected during the present study

Hivaxag 4.1. Zovroun meptypapn tov otabudv derypatoAnyiog (Katd PiKog g LIomapoALaKS
dvng g Nrelp®TIKNG aktoypapuns s EALESaG) amd tovg omoiovg GLUAAEYTNKAY T GTOLO TOV
€100V S. abaster kot S. typhle ¢ tapovoag peréng.

Station Ecosystem type Exposure to the open sea Sea grass coverage
1.Drepano Open Sea Exposed Patchy sea grass and bare sand
2.Neochori Open Sea Protected Full coverage

3.Mitikas Open sea Exposed Full coverage

4.Tourlida Open Sea Exposed Full coverage

5.Kalogria Estuaries Protected Full coverage

6.Katakolo Open sea Exposed Full coverage

7.Kotichi Estuaries Protected Full coverage

8.Moustos Estuaries Protected Full coverage

9.Livanata Open sea Exposed Patchy sea grass and bare sand
10.Karavomilos Open sea Exposed Full coverage

11.Korinnos Open sea Exposed Full coverage

12 Pilaia Open sea Exposed Patchy sea grass and bare sand
13.Vourvourou  Open sea Exposed Full coverage

14.Porto Koufo  Open sea Exposed Full coverage

15.Vassova Lagoon Protected Patchy sea grass and bare sand
16.Porto Lagos  Estuaries Protected Patchy sea grass and bare sand
17.Drana Estuaries Protected Patchy sea grass and bare sand
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4.2.2. Selected method

Anatomical and morphometric measurements have been traditionally used to assess
intra and interspecific differences (e.g. Casselman et al. 1981; Ihssen et al. 1981; Reist
1985). Landmark-based geometric morphometric is an accurate method in which data can
be collected in the form coordinates along a biological structure (Bookstein 1991,
Monteiro and Reis 1999; Chen et al. 2005). Unlike analytical approaches, the landmark-
based techniques test and visualize differences in form in a reproducible and statistically
accurate way. Therefore, it is very effective in capturing information on the shape of an
organism and measuring its populations’ variation (Cavalcanti et al. 1999; O’Higgins
2000). In combination with multivariate statistical procedures, they constitute a reliable
tool for the representation of body changes (Loy et al. 1993; Rohlf and Marcus 1993; Rohlf
et al. 1996; Recasens et al. 2006).

4.2.3. Landmark- based morphometric protocol

For morphometric analysis, digital images of fish, in a standard position pointing to
the left, were analyzed. Fifteen landmarks were digitized by image analysis software
(NIKON Digital Sight DS-L2). Landmarks refer to: (P1) anterior tip of upper jaw, (P2)
joint of upper and lower jaw, (P3) end of the snout, (P4) upper end of the head, (P5) lower
end of the head, (P6) origin of dorsal fin, (P7) anus, (P8) end of dorsal fin, (P9) insertion of
1% dorsal caudal fin ray, (P10) insertion of 1% ventral caudal fin ray, (P11) midpoint of the
origin of caudal fin, (P12) end of the caudal fin, (P13) upper end of the orbit, (P14) lower
end of the orbit, (P15) center of orbit (Figure 4.2).
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Figure 4.2. Landmarks and meristic characters used in the present study, shown on an outline
drawing of S. abaster (DFR, number of predorsal rings; SDR, number of subdorsal rings; PoDR,
number of postdorsal rings; DFR, number of dorsal fin rays; CFR, number of caudal fin rays; PFR,
number of pectoral fin rays).

Ewova 4.2. Opdonua Tov ¥pncILonotonKoy yio T HOPPOUETPIKT AVAALGT) OTN TOPOVCO, LEAETT
anmekoviouéva, o€ mepiypappo tov gidovg S. abaster (DFR, apBudc doxtudiov mpo Tov poryloiov
ntepvyiov; SDR, apBudg daktuAiov vmd Tov poylaiov mtepuyiov; PODR, apiBudg daxtudMov petd
T0 payloio wrepvylo; DFR, apBudc axtivov poylaiov ntepuyiov; CFR, apBudc axtivov ovpaiov
ntepvyiov; PFR, ap1Budc axtivav Bopokikod ntepuyiov).
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4.2.4. Meristic protocol

Seven meristic characters were examined in each specimen, in order to describe the
morphology of the two pipefish species (Cakic et al. 2002, Ben Amor et al. 2007, Gurkan
2008, Alaya et al. 2011): i.e. number of rays in dorsal fin, number of rays in each pectoral
fin, number of rays in caudal fin, number of predorsal rings, number of subdorsal rings,
number of postdorsal rings (Figure 4.2). The terminal ring was scored if a clear star-like
structure of surface of the bone was visible.

4.2.5. Statistical analysis

Statistical analysis was the same for each data set (morphological comparison of S.
abaster and S. typhle species, sexual dimorphism and population phenotypic variation).
What differed was the number of the analyzed specimens. In the analysis of populations’
phenotypic variation of S. abaster species various groupings were tested (1. lonian,
Aegean and Adriatic Sea 2. Aegean Sea, 3. lonian Sea). In the analysis of S. typhle species
only the lonian, Aegean, Adriatic Sea grouping was tested due to i) the small number of
Aegean Sea samples and i) the fact that all but one specimen from the lonian Sea belonged
to Drepano and Neochori populations and there would be no difference from the sexual
dimorphism results.

4.2.5.1. Landmark based morphometric measurements

Body size (morphological pattern) was estimated as centroid size: the square root of
the summed squared distances from each landmark to the configuration centroid, which is
the average of all landmarks in a configuration (Bookstein 1991, Monteiro and Reis 1999).
The raw coordinates of all specimens were aligned (i.e. translated, rotated, and scaled to
match one another) using the Procrustes generalized orthogonal least-squares (GLS)
superimposition method, which superimposes configurations by minimizing the sum of
squared distances between corresponding landmarks (Rohlf and Slice 1990). The aligned
landmark coordinates were used as shape variables in all subsequent computations.

A Principal Components Analysis (PCA) of the aligned coordinates was used to
reduce the number of dimensions to the actual shape space dimensionality. The first 2p-4
(p = number of landmarks) PC scores were used to ensure non-singularity of covariance
matrices to be calculated in the discriminant analysis. Because PCA performs a rigid
rotation of the space, no shape information is lost during this process. The PC scores were
used as variables in the Linear Discriminant Analysis (LDA) (morphological comparison
of S. abaster and S. typhle species) and the Canonical Variate Analysis (CVA) (sexual
dimorphism and population phenotypic variation) in order to determine the reliability of
specimen identification from shape scores. In both analyses, the discrimination
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effectiveness was determined from the percentage of correct classifications in a leave-one-
out cross validation for linear discriminant analysis (Venables and Ripley 2002).

MANOVA analysis (Sokal and Rohlf 1995) was used in order to investigate the
effect of sex and different populations on sexual size dimorphism. PC scores were used as
dependent variables and sex and populations as factors.

All morphometric and statistical analyses were performed with MorphoJ, R-project
MASS package (Venables and Ripley 2002) and SPSS ver. 21.0.

4.2.5.2. Meristic characters

Spearman’s rank correlation tests were conducted to exclude the possibility that
size differences within a species could influence the results of subsequent analyses. The
non-parametric test Mann-Whitney was applied on each meristic variable to test the
occurrence of statistical significant differences between species, and sexes (Sokal and
Rohlf 1995). The variance of meristic characters was not estimated in the population
structure analysis, since i) sex was not available in all specimens, ii) there were cases of
all-male and all-female populations. Statistical analyses were performed with SPSS ver.
21.0.
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4.3. RESULTS
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4.3.1. Morphological comparison of Syngnathus abaster and Syngnathus typhle species

A total of 483 specimens of S. abaster (n=333) and S. typhle (n=150) species were
collected along the sublittoral zone of Greece (Figure 4.1, Table 4.2).

Table 4.2. Number of S. abaster and S. typhle specimens used in the morphometric analysis of the
present study.

Mivakog 4.2. ApiBudg cviAlnebéviov atopmv tov edov S. abaster kor S. typhle mov
YPNOCLLOTOONKOY GTI) LOPPOUETPIKT AVAAVOT| GTY| TAPOVCH UEAETT).

S S i Stati Number of
ea . . ampling ation individuals
Sea Code Geographical region stations Code
S. abaster  S. typhle
Port of Igoumenitsa 1.Drepano DRE 99 49
Amvrakikos Gulf 2.Neochori AMV 51 55
Mitikas 3.Mitikas MIT 10 0
lonian Sea  ION Tourlida 4.Tourlida TOU 6 0
5.Kalogria KAL 10 0
Peloponesus 6.Katakolo KAT 9 1
7.Kotichi KOT 10 0
Peloponesus 8.Moustos MOU 10 0
. 9.Livanata LIV 3 4
Evoikos Gulf .
10.Karavomilos KAR 21 0
. 11.Korinnos KOR 23 3
Thermaikos Gulf 12 Pilaia PIL 20 1
.Pilai
Q:E o AEG 13.Vourvourou VOuU 8 1
Chalkidiki '
14.Poto Koufo PKO 5 0
E. Macedonia 15.Vassova VAS 16 10
16.Porto Lagos PLA 10 0
Thrace
17.Drana DRA 12 0
éﬁ;'a“c ADR  Venice 18.Venice ADR 10 26

4.3.1.1 Landmark based morphometric measurements

The PCA extracted 26 components. The first PC (PC 1) accounted for 84.7% of
total variance and was characterized by shape changes along the x-axis. More specifically,
it showed an elongation of the snout, main body and caudal fin base. The second PC (PC
I1) accounted for 5.0 % of total variance and showed body changes along the y-axis. The
rest of the PCs explained < 10.3% of total variance and described aspects of intraspecific
shape variation. The PC scores were used as variables in the Linear Discriminant Analysis
(LDA) to assess interspecific differences.
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The structure of among-species shape variation was assessed by Linear
Discriminant Analysis (LDA) of partial warps and uniform components. One Linear
Function (LF 1) was extracted (Mahalanobis distance= 10.837, p<0.0001) for the two
species. Species pair differences (in both Procrustes and Mahalanobis scale) were
significant under permutation tests (p < 0.001). The cross-validation test (leave-one-out
method) from Linear Discriminant Analysis correctly classified all cases (100%) proving
that the two species were completely separated (Table 4.3).

Both analyses (PCA and LDA) showed a considerable difference among the
species, defining two non-overlapping groups: i) S. typhle and ii) S. abaster species. The
shape changes associated with the LF axes showed that S. typhle specimens had larger
snout and main body, whereas their trunk was shorter compared to S. abaster (Figure 4.3).

Table 4.3. Classification results for the cross-validation procedure for the two studied Syngnathus
species, using principal components of shape scores as variables in a linear discriminant analysis,
in the present study.

Mivoxkag 4.2. Emovatomofétnon tov mAnfucudv tov d0o vad UEAETN €10V TOVL YEVOUC
Syngnathus cOpe®va pe T YPORUIKT S0 ®PIoTIKY avIAVOT], GTNV TAPOVLGE HEAETT.

Species Predicted group membership
S. abaster S. typhle Total
Count
S. abaster 333 0 333
S. typhle 0 150 150
Percent %
S. abaster 100.0 0.0
S. tyhle 0.0 100.0

m&" - i —@el 12
- S.typhle

Figure 4.3. Observed shape changes associated with positive scores along the Principal Component
Axes and the Discriminant Function Analysis. The wireframes depict icons for deviations (dark
blue line) from the corresponding mean shape for Syngnathus species (light blue line) in the present
study.

Figure 4.3. Tlopatnpoduevn oAlayf Tov GYALOTOG TOL GOWNOTOG HE Paon Tig OeTikéc TIUES TOV
dEova tov Kvpiov Xuvictoodv kot ¢ Altayopiotikig Avdivone. To mAéypa amewovilel v
anmdxkion (okovpa pmAe ypopun) omd To GYNUN avapopds Twv dvo €166V Tov Yévoug Syngnathus

(avoryt UmAe ypoupn) e Topovcag LEAETNG.
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4.3.1.2. Meristic characters

The number and range of the two species meristic characters are shown in Table
4.4. All characters were in accordance and within the range of each species as defined by
Dawson (1986) and later studies (Mov¢an 1988; Cakic et al. 2002; Ben-Amor 2007,
Giirkan 2008; Alaya et al. 2011; Giirkan and Taskavac 2012). Since the number of rays in
the caudal fin did not vary among and between the species it was not considered for the
rest of the analysis. The rest of the meristic characters were uncorrelated with SL within
specimens of S. abaster and S. typhe species (Table 4.5). Kruskal- Wallis test showed that
meristic characters differed statistically between the species (Dorsal Fin Rays: df=1,
H=228.018, p<0.001; Pectoral Fin Ray L: df=1, H=219.351, p<0.001; Pectoral Fin
Rays R: df=1, H=237.220, p<0.001; Predorsal rings: df=1, H=212.466, p<0.001,;
Underdorsal rings: df=1, H=205.143, p<0.001; Postdorsal rings: df=1, H=131.228,
p<0.001).

Table 4.4. Values range and standard deviation of meristic characters of S. abaster and S. typhle
individuals from the lonian, Adriatic and Aegean Seas in the present study (N the value of meristic
character).

IMivaxag 4.4. Twuéc, £0pog Kot TUTIKN ATOKAIGT] TOV HEPIOTIKOV YOPOKTHPOY TOV 100V S. abaster
kot S. typhle and 10 Iovio kot 1o Aryaio ITélayog kobBdg kot thv Adprotiky Odhacoca mov
ypnowonomOnkay ot mapovoa perétn (N 1 Ty ToL HEPIGTIKOD YOPAKTHPQ).

Species Meristic character N Range Std. Deviation
Dorsal Fin Rays 28 23-32 2.175
Pectoral Fin Ray_L 12 10-15 0.839
Pectoral Fin Rays_R 12 10-15 0.785

S. abaster Caudal Fin Rays 10 10-10 0
Predorsal Rings 15 11-18 1.103
Underdorsal Rings 7 5-9 0.673
Postdorsal Rings 28 21-34 2.148
Dorsal Fin Rays 33 28-37 1.732
Pectoral Fin Ray_L 15 13-17 0.889
Pectoral Fin Rays_R 15 13-17 0.888
Caudal Fin Rays 10 10-10 0

S. typhle )
Predorsal Rings 18 15-21 1.310
Underdorsal Rings 8 7-10 0.734
Postdorsal Rings 24 20-30 1.851
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Table 4.5. P-values for within S. abaster and S. typhle species correlations of meristic traits with
Standard Length (SL) in the present study (Spearman’s rank correlation test).

Mivakag 4.5.Tipéc Tov EAEYYOL GLGYETIONG TOV UEPIOTIKAOV YOPOUKTAP®Y UE TO LTabepd MnKog
(SL) yw ta €ion S. abaster kot S. typhle g mapovcag perétng (Eleyyog ovoyétiong katd
Spearman).

Dorsal Fin Pectoral Pectoral Predorsal Underdorsal Postdorsal
Rays Fin Fin Rings Rings Rings
Rays R Rays_L
S. abaster  0.302 0.968 0.970 0.792 0.789 0.691
S. typhle 0.283 0.985 0.982 0.362 0.350 0.157
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4.3.2. Sexual dimorphism of Syngnathus abaster and Syngnathus typhle species

A total of 216 specimens of S. abaster (n=129) and S. typhle (n=87) species were
collected from the sampling stations of Drepano and Neochori. The number of females and
males for each species in the two sampling stations is shown in Table 4.6.

Table 4.6. Number of male and female individuals of S. abaster and S. typhle species collected
from Drepano and Neochori stations in the present study.

IMivoxag 4.6. ApBuog apoevikdv Kor Inlukdv atopmv tav €ddv S. abaster kot S. typhle mov
GLAAEYTNKOV OO ToVG oTafoVS Tov Apemdvov Kot Tov Neoywpiov 6TV Tapovca LeAETT).

Station Sex S. abaster S. typhle
Males 30 15
Drepano
Females 59 30
Males 17 16
Neochori
Females 23 29

4.3.2.1. Syngnathus abaster species

4.3.2.1.1. Landmark based morphometric measurements

The PCA extracted 26 components. The first PC (PC 1) accounted for 59.0% of
total variance and was characterized by shape changes along the x-axis. More specifically,
it showed an elongation of the snout, trunk, dorsal and caudal fin base. The second PC (PC
2) accounted for 22.5 % of total variance and depicted the corresponding body changes
along the y-axis. The rest of the PCs explain 18.5% of total variance and described aspects
of intraspecific shape variation. The PC scores were used as variables in the Canonical
Variate Analysis to assess sexual dimorphism.

The structure of among-sexes shape variation in the populations of Drepano and
Neochori was assessed by the Canonical Variate Analysis (CVA) of partial warps and
uniform components. Three Canonical Variates (CVs) were extracted. The first CV (CV 1)
explained 67.6% of the total among-groups variance, whereas the second (CV 2) accounted
for 25.6% (Figure 4.4). Values of Mahalanobis and Procrustes distances are shown in
Table 3.7. The ordination of individual scores showed a considerable difference between
the sexes and the population, defining four distinct groups: i) males of S. abaster from
Neochori station, ii) females of S. abaster from Neochori station, iii) males of S. abaster
from Drepano station and iv) females of S. abaster from Drepano station. The first two
groups presented high positive scores and were separated from the last two along CV1.
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Females presented higher positive scores than males along CV2. The shape changes
associated with the CV axes showed that: i) individuals from Drepano had larger main
body and snout compared to Neochori station, ii) females had more elongated main body
and smaller trunk than males (Figure 4.5).

MANOVA analysis showed that the interaction of individual from different stations
and sex was not significant (Wilk’s lambda= 0.747, p>0.05). This means that males and
females were different regardless of station, whereas individuals from different stations
were different, regardless of sex. This was also evident in the CVA scatterplots as CV 1
was separating populations and the CV 2 was separating sexes.

AM_F

(8]

. u DR_M
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Figure 4.4. Scatter plot of the Canonical Variate scores for male and female individuals of S.
abaster species from Neochori and Drepano stations of the preset study (AM_F: Females from
Neochori station, AM_M: Males from Neochori station, DR_F: Females from Drepano station,
DR_M: Males from Drepano station).

Ewova 4.4. Adypoppo dacmopds tov Tiwdv ™ Avdlvong Kovovikdv Zuvietwodv yio, to
Oniukd kot apoevikd dtopo tov gidovg S. abaster amd tovg oTabuovg Tov Neoympiov Kot TOV
Aperdvov tng mapovcag perétng (AM_F: Onivkd dropa amd tov otadud tov Neoywpiov, AM_M:
Apoevikd dtopa omd tov otafud tov Neoywpiov, DR_F: Onivkd dropo and tov otabpd tov
Apendvov, DR_M: Apcevikd dtoua and tov otadud touv Apemdvov).
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Table 4.7. Values of (a) Mahalanobis and (b) Procrustes distances for male and female individuals
of S. abaster species from Neochori and Drepano stations in the preset study (AM_F: Females from
Neochori station, AM_M: Males from Neochori station, DR_F: Females from Drepano station,
DR_M: Males from Drepano station).

IMivoxag 4.7. Twyég g yeouetpikng omdotaong katd o) Mahalanobis kol B) Procrustes oty
Avaivong Kavovikdv Zovietowc®v yio ta OnAvkd Kot apoevikd drtopa Tov gidovg S. abaster and
Tovg o1afpovs Tov Neoympiov Kot Tov Apemdvov g mapovoog perétng (AM_F: Onivkd dtopo
a6 tov otafud tov Neoywpiov, AM_M: Apcevikd dtopa and tov otabud tov Neoywpiov, DR_F:
Onivkd dropa amd tov otabud Tov Apemdvov, DR_M: Apcevikd dtopo amd tov otafud tov
Apemavov).

,Z)IVI_F AM_M DR _F 2 AM_F AM_M DR_F
AM_M  3.0721% 0.0166
DR_F 3.814*  4.2043% 0.0239*  0.0381*
DR_M  46236*  4.1822%  21947* | 00117  0.0242*  0.0155

*Statistical significant differences, P <0.05; *~totiotikd onpoavrikés dwapopég, P <0.05.

Ccv1 :
aﬁz:; ;\F ——rve
-Drepano
CvV2
- Males

Figure 4.5. Observed shape changes associated with positive scores along the Canonical Variate
Axes in the sexual dimorphism analysis of S. abaster species of the present study. The wireframes
depict icons for deviations (dark blue line) from the corresponding mean shape of S. abaster
species (light blue line).

Ewcova 4.5. TTapatnpoduevn aAloyn TOV GYHLOTOC TOV GMOUATOS e Pacn Tig OeTikéc TIuég Tov
dEova tov Kavovikov ZuvieToodv Yyl TV ovAALCT] QLAETIKOD OLUOPPIoUOD TOV &gidovg S.
abaster g napovcog perétng. To mAéypa omewcovilel v amdkiion (oKovpa UTAE YPAUUT) oo
TO GYNMO OVaPOPAS TOL gidovg S. abaster (avouyyt pahe ypapun).
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4.3.2.1.2. Meristic characters

The values and range of meristic characters for male and female specimens of S.
abaster species from Drepano and Neochori stations are shown in Table 4.8. Since the
number of rays in the caudal fin did not vary among and between the sexes they were not
considered in the rest of the analysis.

MANOVA analysis indicated that the meristic character separating males and
females of S. abaster species was the number of postdorsal rings (more in males than in
females) (Table 4.8). The two populations were separated for almost every meristic
character, but the number of Doral fin rays (Table 4.9). However, contrary to the
morphometric measurements, the interaction of station and sex was significant (Table 4.9).

Table 4.8. Values, range and standard deviation of meristic characters for male and female
specimens of S. abaster species from Drepano and Neochori stations in the present study (N, the
value of each meristic character).

Hivakag 4.8. Tiéc, e0pog KoL TUTIKY| ATOKAIOT TOV HEPICTIKMV YUPOUKTIPOV TOV OPCEVIKOV KoL
ONAvk®OV atop®v tov gidovg S. abaster amd tovg otabpovg Tov Neoympiov Kot TOV APETAVOL NG
mapovcog perétng (N, n Ty ToV EKAGTOTE UEPIOTIKOV YOPUKTNPA).

Sex Station Meristic character N  Range Std. Deviation

Dorsal Fin Rays 27 23-32 1815
Pectoral FinRays _L 12 11-15 0.945
Pectoral FinRays _R 12 11-13 0.634

Drepano  Caudal Fin Rays 10 10-10 0.000

Predorsal Rings 15 13-18 1.154

Underdorsal Rings 7 6-8 0.675

Males Postdorsz_all Rings 27 25-31 1.386
Dorsal Fin Rays 28 23-30 1.759

Pectoral FinRays _L 12 11-12 0.479

Pectoral FinRays _R 12 11-13  0.809

Neochori  Caudal Fin Rays 10 10-10 0.000

Predorsal Rings 15  13-17 0.862

Underdorsal Rings 6 57 0.606

Postdorsal Rings 28 25-31 1.663

Dorsal Fin Rays 27 23-32  1.802

Pectoral FinRays L 12 11-14 0.862

Pectoral FinRays R 12 10-14 0.925

Drepano  Caudal Fin Rays 10 10-10 0.000

Predorsal Rings 15 13-18 0.841

Underdorsal Rings 7 6-8 0.641

Postdorsal Rings 27 25-32 1618

Females Dorsal Fin Rays 27 2429 1.153

Pectoral FinRays L 12 10-13 0.785
Pectoral FinRays R 12 10-12 0.561

Neochori Caudal Fin Rays 10 10-10 0.000
Predorsal Rings 15 13-16 0.665
Underdorsal Rings 6 6-8 0.590
Postdorsal Rings 27 25-32 1792
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Table 4.9. MANOVA analysis results of meristic characters for male and female specimens of S.
abaster species from Drepano and Neochori stations in the present study (*, interaction)

Mivaxag 4.9. Anotedéopata g avéivong AMOVA TV HEPIGTIKOV YOPUKTHPOV TMV OPOEVIKAOV
Kot OnAvkodv atdoumv tov gidovg S. abaster and Tovg oTabuobc Tov Neoywpiov kot Tov Apemdvov
g mapovoag HeEAETNG (*, aAAnienidpaon).

Station Sex Sex* Station
Meristic character F Pvalues | F P values F P values
Dorsal Fin Rays 3.506 <0.05 0.031 > 0.05 0.575 >0.05
Pectoral Fin Rays L 4871 <0.05 0.520 >0.05 1.725 >0.05
Pectoral Fin Rays R 5.028 <0.05 0.146 >0.05 0.004 >0.05
Predorsal Rings 12.312 < 0.001 0.586 >0.05 0.041 >0.05
Underdorsal Rings 13.341 <0.001 0.889 > 0.05 0.250 > 0.05
Postdorsal Rings 5.617 <0.05 4,063 <0.05 1.453 >(0.05

4.3.3.2. Syngnathus typhle species

4.3.2.2.1. Landmark based morphometric measurements

The PCA extracted 26 components. The first PC (PC ) accounted for 52.4% of
total variance and was characterized by elongation of snout, base of dorsal fin, trunk and
caudal fin along the x-axis. The second PC (PC II) accounted for 16.8 % of total variance
and depicted the corresponding body changes along the y-axis. The rest of the PCs
explained 30.8% of total variance and described aspects of intraspecific shape variation.
The PC scores were used as variables in the Canonical Variate Analysis to assess sexual
dimorphism.

The structure of among-sexes shape variation in the stations of Drepano and
Neochori was assessed by Canonical Variate Analysis (CVA) of partial warps and uniform
components. Three Canonical Variates (CVs) were extracted. The first CV (CV 1)
explained 47.9% of the total among-groups variance, whereas the second (CV 2) accounted
for 40.7% (Figure 4.6). Values of Mahalanobis and Procrustes distances are shown in
Table 3.10. The ordination of individual scores showed a considerable difference both
between the sexes and stations, defining four distinct groups: i) males of S. typhle from
Neochori station, ii) females of S. typhle from Neochori station, iii) males of S. typhle from
Drepano station and v) females of S. typhle from Drepano station. The first two groups
presented high negative scores and were separated from the last two along CV1. Females
presented negative scores, lower than males along CV2. The shape changes associated with
the CV axes showed that: i) females had a more elongated main body and snout as opposed
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to males who had a more elongated trunk, ii) individuals from Drepano had more
elongated trunk compared to Neochori population (Figure 4.7) .

MANOVA analysis indicated that the interaction of different populations and sex
was not significant (Wilk’s lambda= 0.652, p>0.05). This means that males and females
were different regardless of station whereas individuals from different stations were
different, regardless of sex.

Table 4.10. Values of a) Mahalanobis and b) Procrustes distances for male and female individuals
of S. typhle species from the Neochori and Drepano stations in the present study (AM_F: Females
from Neochori station, AM_M: Males from Neochori station, DR_F: Females from Drepano
station, DR_M: Males from Drepano station, *, level of significance >0.05).

IMivoxag 4.10. Tipég g yeopetpikng andotaons kotd o) Mahalanobis koi B) Procrustes oty
Avaivong Kavovik@v Zovietowo®v yio to. OnAvkd kot apoevikd drtopa tov gidovg S. typhle and
Tovg oTafpovg Tov Neoympiov Kot Tov Apemdvov g mapovoog perétng (AM_F: Onivkd dtopo
amo tov otafud tov Neoywpiov, AM_M: Apcevikd dropo amd tov otabud Neoywpiov, DR_F:
Onivkd dropa amd tov otabud Tov Apemdvov, DR_M: Apcevikd dtouo amd tov otafud tov
Apemdvov).

a) b)

AM _F AM_M DR_F AM_F AM_M DR _F
AM_M 3.027* 0.0235*
DR_F 3.078* 3.022% 0.0162* 0.0344*
DR_M 2.998* 3.057* 3.015* 0.0163 0.0121 0.0247*

*Statistical significant differences, P <0.05; *~totiotikd onpoavrikés dwapopég, P <0.05.
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Figure 4.6. Scatter plot of the Canonical Variate scores for male and female individuals of S.
typhle species from the Neochori and Drepano stations in the present study (AM_F: Females from
Neochori population, AM_M: Males from Neochori station, DR_F: Females from Drepano station,
DR_M: Males from Drepano station).
Ewova 4.6. Awdypoppo dacmopds tov TV ¢ Avdivong Kavovikov Zvvictocov o to
OnAvka kot apoevikd dtopo tov gidovg S. typhle amd tovg oTadpovg Tov Neoywpiov Kot Tov
Apemdvov, g mapovoag perétng (AM_F: ®Onivkd dtopa amd tov otofud tov Neoywpiov,
AM_M: Apcevikd dtopa amd tov otadud tov Neoywpiov, DR_F: ®nivkd dtopa amd tov o6tadud
tov Apendvov, DR_M: Apcevikd dtopa amd tov 6tafud tov Apendvov).

T\'L‘ 2 m— - SR
L - Drepano
Ccv2

- Males

Figure 4.7. Observed shape changes associated with positive scores along the Canonical Variate
Axes in the sexual dimorphism analysis of S. typhle species from the stations of Neochori and
Drepano of the present study. The wireframes depict icons for deviations (dark blue line) from the
corresponding mean shape of S. typhle species (light blue line).

Ewova 4.7. Tlapatnpodpevn aAlayn TOV GYUOTOC TOV GMOUATOS UE Paon Tig OeTikég TIuég Tov
a&ova Tov Kavovikdv Zuvietoo®v yio Ty aviAvcn euAETIKoD dipopeiopod tov gidovg S. typhle
amd tovg otafuodc tov Neoympiov kot Tov Apemdvov ¢ Tapovoas peAémc. To mAéyupa
amewovilel v andkiion (okobpa pmrie ypopun) amd to oyfue avaeopds tov gidovg S. typhle

(avouyth pmhe ypappn).
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4.3.2.2.2. Meristic characters

The values and range of meristic characters for male and female specimens of S.
typhle species from Drepano and Neochori stations are shown in Table 3.11. Since the
number of rays in the caudal fin did not vary among and between the sexes it was not
considered for the rest of the analysis. MANOVA analysis showed that the meristic
character separating males and females of S. typhle species was the number of predorsal
rings (higher number in males than females) (Table 4.12). The individuals from the two
stations were separated only by the number of predorsal rings, (Table 4.12). However, as in
the case of meristic characters of S. abaster species, the interaction of individuals from
different stations and sexes was significant (Table 4.12). This means that meristic
characters of males and females varied along the stations.

Table 4.11. Values, range and standard deviation of meristic characters for male and female
specimens of S. typhle species from Drepano and Neochori stations in the present study (N, value
of each meristic character).

Hivakag 4.11. Tyég, e0pog Kot TVTIKY] ATOKAIGT) TOV UEPICTIKAV YAPOKTPOV TOV OPCEVIKOV KoL
Ontukdv atdépov tov gidovg S. typhle amd tovg otabpodc tov Apemdvov katl tov Neoywpiov g
mapovcoc uerétng (N, n Tiun Tov EKAGTOTE UEPIOTIKOV YOPOKTNPA).

Sex Station Meristic character N Range Std'. .
Deviation
Dorsal Fin Rays 32 30-34 1.261
Pectoral Fin Rays L 15 13-17 0.997
Pectoral Fin Rays _R 15 13-17 1.027
Drepano Caudal Fin Rays 10 10-10 0.000
Predorsal 18 16-20 0.941
Underdorsal 8 7-9 0.458
Males Postdorsal 24 21-26 1.454
Dorsal Fin Rays 32 28-38 1.592
Pectoral Fin Rays L 15 14-17 0.877
Pectoral Fin Rays _R 15 14-16 0.730
Neochori Caudal Fin Rays 10 10-10 0.000
Predorsal Rings 17 16-18 0.633
Underdorsal Rings 8 7-9 0.616
Postdorsal Rings 24 22-25 0.770
Dorsal Fin Rays 32 29-36 1.513
Pectoral Fin Rays L 15 14-17 0.745
Pectoral Fin Rays _R 15 15-17 0.570
Drepano Caudal Fin Rays 10 1010 0.000
Predorsal Rings 17 15-20 1.200
Underdorsal Rings 8 7-9 0.650
Females Postdorsgl Rings 23 21-26 1.315
Dorsal Fin Rays 33 28-35 1.554
Pectoral_L Fin Rays 15 13-17 0.971
Pectoral Fin Rays _R 15 13-17 1.100
Neochori Caudal Fin Rays 10 10-10 0.000
Predorsal Rings 17 15-19 0.937
Underdorsal Rings 8 7-9 0.786
Postdorsal Rings 24 22-25 0.941

189



Table 4.11. MANOVA analysis results of meristic characters for male and female specimens of S.

typhle species from Drepano and Neochori stations in the present study.

Mivoxag 4.11. Amoteréopoata g avirivong AMOVA 1tov HEPIOTIKOV YOPUKTPOV TOV
apPOEVIKOV Kot OnAvukdv atopmv tov gidovg S. typhe amd tovg otabpoig tov Apemdvov Kot Tov
Neoywpiov g mapodoag LEAETNG.

Station Sex Station*sex
F P-values F P-values. F P-values.

Dorsal Fin rays 0.011 <005 0.161 <005 2.791 <0.05

Pectoral Fin 1196 <0.05 0.453 <0.05 1196 <0.05
rays L

Pectoral Fin 4016 > 0.05 0.355 <0.05 0661 <0.05
rays R

. <0.05

Predorsal Rings 3.945 >0.05 4.336 >0.05 2.921

Unde_rdorsal 0148 <0.05 2739 <0.05 0.003 <0.05
Rings

Post_dorsal 3553 <0.05 3341 <0.05 0203 <0.05
Rings
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4.3.3. Phenotypic variation of individuals of Syngnathus abaster and Syngnathus
typhle species from different stations

4.3.3.1. Syngnathus abaster species

A total of 333 specimens of S. abaster were collected along the sublittoral zone of
Greece (n=323) and the Venice Lagoon (n=10) (Figure 4.1, Table 4.2). The PCA extracted
26 components (PCs). The first PC (PC 1) accounted for 44.7% of total variance, the
second PC (PC 2) for 24.5% and the third PC (PC 3) for 10.9%. These three PCs
characterized shape changes of head, body and caudal fin mostly along the x-axis (PC1 and
3) and to a smaller extend along the y-axis (PC 2). The rest of the PCs explain 19% of total
variance and described trivial aspects of intraspecific shape variation. The PC scores were
used as variables in the Canonical Variate Analysis to assess population structure.

Table 4.13. P- values for a) Mahalanobis and b) Procrustes distances for the morphometric
structure analysis of S. abaster species between a) Adriatic, lonian and Aegean Sea, b) lonian Sea
stations and c) Aegean Sea stations in the present study (station codes after Table 4.2) (*Statistical
significant differences, P <0.05).

IMivakog 4.13. Twég g yeopetpikng amodotoons katd Mahalanobis kot Procrustes katd v
aVAADGN TG LOPPOUETPIKNG doung Tov €idovg S. abaster ueta&d tov otabumv a) g ASPLaTIKNS
Odlaccog, Tov Toviov kat Tov Atyaiov, b) Tov Toviov kat €) Tov Aryaiov ITeddyovg, g mapodoag
perémge (or kwdwkoi twv otobumdv odupovoe pe tov IMivaka 4.2) (*,ZTaTIOTIKA OMUOVTIKEG
dwapopéc, P <0.05).

a) Mahalanobis Procrustes
ADR AEG ADR AEG
AEG | 3.0282 * 0.0148 *

ION | 3.6106 * 1.5948* | 0.0131* 0.0063 *

b) Manhalanobis distance AMV ~ DRE KAL KAT KOT MI

DRE 3.7984*

KAL 4.0848* 4.9343*

KAT 5.8003* 4.2119* 6.5877*

KOT 4.5292* 4.6013* 2.7118 6.7948*

MIT 3.5521* 2.4898* 4.4222* 4.9387* 4.7236*

TOU 5.8843* 3.5657* 6.2242* 5.0378* 6.4758* 3.9753*
Procrustes distance AMV DRE KAL KAT KOT MIT
DRE 0.0245*

KAL 0.0281* 0.0194*

KAT 0.0394* 0.0250* 0.0189

KOT 0.0231* 0.0132 0.0107 0.0225*

MIT 0.0180* 0.0130 0.0183* 0.0296* 0.0152

TOU 0.0397* 0.0220* 0.0163 0.0195 0.0206* 0.0247*
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Table 4.13. Continued
Mivakag 4.13 Zvvéyeia

c)

Mabhalanobis distance DRA KAR KOR LIV MOU PIL PKO VAS VIS
KAR 4.2756*

KOR 4.5205* 2.9311*

LIV 7.0923* 4.5838* 4.0277*

MOU 7.507* 6.847* 8.0746* 9.0866*

PIL 4.3856* 2.8549* 2.2222* 4.5967* 7.4605*

PKO 5.4485* 3.2286* 3.9705* 5.6124* 6.3586* 3.8996*

VAS 4.2034* 3.0254* 3.4409* 5.5408* 7.8712* 3.6207* 3.9362*

VIS 3.0634* 4.2051* 4.7235* 6.975* 7.386* 4.5788* 4.683* 3.5512*

VOU 5.981* 3.025* 4.4272* 5.3314* 5.6249* 4.3774* 3.4989* 4.7067* 5.9005*
Procrustes distance DRA KAR KOR LIV MOU PIL PKO VAS VIS
KAR 0.0124*

KOR 0.01 0.0094*

LIV 0.015 0.0116 0.0117

MOU 0.0361* 0.034* 0.0322* 0.0373

PIL 0.0124* 0.0101* 0.0077 0.0167 0.0301*

PKO 0.0157 0.0118 0.0117 0.0169 0.0253 0.0085

VAS 0.0085 0.0103* 0.0089 0.015 0.0323* 0.0092 0.0119

VIS 0.0094 0.0108 0.0105 0.0185 0.0307* 0.0074 0.0103 0.0077

VOU 0.0165* 0.0092 0.0121 0.0129 0.0277* 0.013 0.0097 0.0119 0.0138
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More specifically, the morphometric structure of S. abaster species was assessed by
the Canonical Variate Analysis (CVA) of partial warps and uniform components.
Seventeen Canonical Variates (CVs) were extracted. The first four CVs accounted for the
74.1% of total among groups variance (CV 1: 37.5%; CV 2: 15.8%; CV 3: 12.4%; CV 4.
8.5%). Despite the overlap of some stations, values of Mahalanobis and Procrustes
distances indicated a strong morphological differentiation among the individuals from the
stations in the Greek coastline and between the lonian, Aegean and the Adriatic Sea
specimens (Table 4.13a). Taking this into account and the ordination of individual scores,
three distinct groups were revealed: i) Aegean Sea population, ii) lonian Sea population
and iii) Adriatic Sea (Venice Lagoon) populations CV 1 separated the lonian population
from the Adriatic and Aegean, while CV 2 Adriatic population from the population of
Greece (Figure 3.8). The shape changes associated with the CV axes showed that: i) the
population of the lonian Sea had a more slender body and elongated snout compared to the
Aegean Sea, ii) the population of Adriatic Sea had a more slender body and shorter snout
compared to the Greek (Figure 4.9).

Figure 4.8. Scatter plot of the Canonical
Variate scores of the morphometric structure
analysis for Adriatic, lonian and Aegean
2o S individuals of S. abaster species in the present
4 s oyl L study (stations codes after Table 4.2).

3 Ewéva 4.8. Adypappo S100mopds TV THOV
™ms Avdivong Kavovikdv Zuvictwodv g
’ avalvong TG  HOPQOUETPIKNG  SOUNG  T@V
S, ¢ mmbuopdv tov eidovg S. abaster amd Tovg
% otofuovg g Adpuwtikng Odlaccog, TOv
Ioviov kot Tov Atyaiov Ieddyovg (o1 k®dwkoi

TV otafumdv cougova pe tov Iivaka 4.2).

AEG

Canonical variate 2
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Figure 4.9. Observed shape changes associated with positive scores along the Canonical Variate Axes of the
morphometric structure analysis for Adriatic, lonian and Aegean individuals of S .abaster. The wireframes
depict icons for deviations (dark blue line) from the corresponding mean shape for S. abaster species in the
present study (light blue line).
Ewéva 4.9. [Tapatnpoduevn ahiayn Tov oYNUATOS TOV CAONOTOG He Baomn Tig BETIKES TIHEG Tov dEova TV
Kavovikdv ZuvicTwodv ¢ aviAvoTS TG LOPPOUETPIKNG doung Tov gidovg S. abaster amd tovg otadpong
mg Adplatiknig ®draccag, tov Toviov kot Tov Atyaiov IMeAdyovg. To mAéypa omewovilel v amdKAMon
(okoVpa UmAe ypoupun) oo TO GO avaPopag Tov gidovg S. abaster katd v mapovca pedétn (avorytn
HTTAE YPOUUTY).
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For the population of the lonian Sea six CVs were extracted from the Canonical
Variate Analysis. The first three explained 87.9 % of among group total variance (CV 1:
53.7%; CV 2: 21.6%; CV 3: 12.6%). Mahalanobis and Procrustes distances (Table 4.13.b),
as well as, the ordination of individual scores showed a considerable difference between
populations defining three distinct groups: i) N. lonian Sea- Katakolo group, ii) Kotichi-
Kalogria group and iii) Neochori (Amvrakikos Gulf) (Figure 4.10). The first group had
lower scores along CV1 and was separated from the other two. Kotichi-Kalogria group had
higher scores along the CV 2 and was separated from the other two. The shape changes
associated with the CV axes showed that: i) individuals from Kotiki- Kalogria and
Neochori group had a more elongated body and a thicker trunk than N. lonian Sea-
Katakolo group, ii) individuals from Kalogria- Kotichi group had a larger head, a more
elongated snout and main body compared to the individuals from the rest of the groups
(Figure 4.11)

& AMV Kalogria- Kotichi populations " Figure 4.10. Scatter plot of the
DRE Estuarine populafions Canonical Variate scores of the
s morphometric  structure analysis for
‘] lonian Sea individuals of S. abaster
i species in the present study (stations
N codes after Table 4.2).
© P ! v Ewéva 4.10. Awdypappo Stoomopds tov
§ . '.‘.-.-‘ ': g s L;’ oy e Avélvong  Kovovikév
= 0 e *igh ot '~.....‘:. Vi hy SN SovVioTOG®OV NG ovdAvong NG
Q0 AL SR TI HOPPOUETPIKNG Oopng tov &ldovg S.
S ol T L abaster and tovg otabuodg tov loviov
T 2 i T el /// . : : [Meddyoug (ot kwdwkoi TV oTOOUDOV
O “Katakolo populafons/ ¢+ ., oopeova pe tov Iivoka 4.2)
/ . /
“ / Neochori populatioﬁ
el Open sea populations
-6 T T T T T 1
-6 -4 -2 0 2 4 6
Canonical variate 1
cv1 N
ot e g
- Drepano/ Mitikas/Tourlida/Katakolo
cv2

- Kotichi/Kalogria

Figure 4.11. Observed shape changes associated with positive scores along the Canonical Variate
Axes of the morphometric structure analysis for individuals of S. abaster in the lonian Sea. The
wireframes depict icons for deviations (dark blue line) from the corresponding mean shape for S.
abaster species in the present study (light blue line).

Ewova 4.11. T[Tapatnpodpevn oAhoyn Tov GYAUOTOS TOV COUATOG UE Pdomn Tig BeTucég TYHEG TOV
d€ova tov Kavovikdv ZuvieTmo®y Thg avalueng The LOPPOUETPIKNS doung Tov gidovg S. abaster
amd tovg otabuovg tov loviov Ileldyovg. To mAéypo amewkoviler v omdkAloT (oKOLPO UTAE
YPOouU) amd To oYfUe ovapopdc Tov gidovg S. abaster kotd tnv mapovoa peAETn (avolyth Umhe
YPOUUN).
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For the population of the Aegean Sea, nine CVs were extracted from the Canonical
Variate Analysis. The first three explained 80.5 % the among group total variance (CV 1:
43.9%; CV 2: 25.3%; CV 3: 12.4%; CV 4: 11.3%). Mahalanobis and Procrustes distances
(Table 4.13.c), as well as, the ordination of individual scores showed a considerable
difference between stations defining three distinct groups: i) N.W. and C. Aegean Sea, ii)
N.E. Aegean Sea and iii) S. Aegean Sea. The first two groups presented high negative
scores along CV1 and were separated from the third (positive scores). N.E. Aegean Sea
group had negative scores along the CV 2 and was separated from N.W. and C. Aegean
Sea (positive scores) (Figure 4.12). The shape changes associated with the CV axes
showed that: i) individuals from the N.E. Aegean group had larger head, smaller main
body and slender trunk compared to N.W. and C. Aegean Sea ii) individuals from the S.
Aegean Sea group had a more elongated snout and main body compared to N. Aegean Sea
(Figure 4.13)

61
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Open §g§ﬂgggg@tions

Figure 4.12. Scatter plot of the
Canonical Variate scores of the

KOR

Mou morphometric structure analysis for
Zo individuals of S. abaster species from
VAS the Aegean Sea in the present study

(stations codes after Table 4.2).
Ewova 4.12. Adypappo Stocmopdg
TV TGV TS Avdivong Kavovikdv
ZUVICTOCOV NG OVAALGONG  TNG
LOPPOUETPIKNG SOUNG TOL €idovg S
.abaster and tovg otafpods TOL
Avyaiov Ilehdyovg (o1 kwdwkoi TV
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Figure 4.13. Observed shape changes associated with positive scores along the Canonical Variate
Axes of the morphometric structure analysis for individuals of S .abaster from the Aegean Sea. The
wireframes depict icons for deviations (dark blue line) from the corresponding mean shape for S.
abaster species in the present study (light blue line).
Ewova 4.13. TTapatnpoduevn odhoyn Tov GYAUATOS TOV COUATOS Ue Pdon Tig Oetikég Tiuég Tov
a&ova tov Kavovikdv Zovietmemv thg avaluong TG LOPPOUETPIKNG SoUng Tov gidovg S .abaster
amd Tovg oTabpovg Tov Atyaiov Ileddyove. To mAéyua amewcovilel v andkiion (oxobpa pmhe
ypouun) amd 1o oyfuo. ovagopac tov eidovg S. abaster kotd tnv mapodoa peAéTn (avoryth umhe
ypoppn).
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4.3.3.2. Syngnathus typhle species

A total of 150 specimens of S. typhle species were collected along the sublittoral
zone of Greece (n=124) and the Venice Lagoon (n=26) (Figure 4.1, Table 4.2). The PCA
extracted 26 components (PCs). The first PC (PC 1) accounted for 39.2% of total variance,
the second PC (PC 2) for 16.0 %, the third PC (PC 3) for 11.1% and the forth PC (PC 4)
for 10.7%. These three PCs characterized, mainly, shape changes along the x-axis (PC 1
and 3) and to a smaller extend along the y-axis (PC 2 and 4). The rest of the PCs explain
23.1 % of total variance and described trivial aspects of intrapopulation shape variation.
The PC scores were used as variables in the Canonical Variate Analysis to assess
population structure.

Table 4.14. P- values for Mahalanobis and Procrustes distances morphometric structure analysis
for individuals of S. typhle species from the Adriatic, lonian and Aegean Sea, in the present study
(stations codes after Table 3.2) .

IMivoxag 4.14. Twéc g yeopetpikng andotaong kotd Mahalanobis kat Procrustes kot v
aVAADGN TNG HOPPOUETPIKNG dopng Tov €idovg tov gidovg S. typhle peto&d tov mAnbvoudv g
Adpratikng @draccag, Tov loviov kot Tov Aryaiov [lehdyove, Tng Tapovcag HeAéns (Kodkol Tov
otobudv ovpeonva ue tov IMivaxa 3.2).

Mahalanobis Procrustes
ADR AEG ADR AEG
AEG 2.8478* 0.0103*

ION 4.3211* 3.055* | 0.0162* 0.0113*

* Statistical significant differences, P <0.05; * Ztatiotikd onpavticég dwapopéc, P <0.05.

More specifically, the morphometric structure of S. typhle species was assessed by
Canonical Variate Analysis (CVA) of partial warps and uniform components. Two
Canonical Variates (CVs) were extracted (CV 1:87.3% and CV 2: 12.7%). Values of
Mahalanobis and Procrustes distances revealed a strong morphological differentiation
between individuals from the lonian, Aegean and the Adriatic Seas (Table 4.14). Taking
this into account and the ordination of individual scores, three distinct groups were
revealed: i) Aegean Sea, ii) lonian Sea and iii) Adriatic Sea (Venice Lagoon). CV1
separated the lonian group from Adriatic and Aegean, while CV2 the Adriatic group from
the Aegean (Figure 4.14). The shape changes associated with the CV axes showed that: 1)
individuals from the lonian Sea had a shorter trunk and slender head compared to the
Aegean and Adriatic, ii) individuals from the Adriatic Sea had a more elongated and
curved body than the Aegean (Figure 4.14).
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61 Figure 4.14. Scatter plot of the
Canonical Variate scores of the
ADR morphometric structure analysis
i N\ AEG for individuals of S. typhle species
" from the Adriatic, lonian and
Aegean Sea in the present study
e (stations codes after Table 4.2).
| Ewéova 4.14. Avdrypoprpion
e dwomopdg  TOV  TWH®OV  TNG
Avélvong Kavovikdv
ZUVICTOGOV NG oviAvong g
HOPQOUETPIKNG OOUNG TOL €100Vg
r S . typhle an6 Tovg GTadUovC TG
Adpatikr] ®draccag, tov loviov
kol tov Auyaiov Ileddyovg (ot
KOOkol TV otabudv cOHuemva
ue tov Iivaxa 4.2).
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Figure 4.15. Observed shape changes associated with positive scores along the Canonical Variate
Axes of the morphometric structure analysis for individuals of S. typhle from the Adriatic, lonian
and Aegean Sea. The wireframes depict icons for deviations (dark blue line) from the
corresponding mean shape for S. typhle species in the present study (light blue line).

Ewova 4.15. Tapatnpoduevn odAioyn Tov GYAUOTOS TOV cOUATOG Ue Pdomn Tig OeTikég TIéC TOL
d&ova tov Kavovik@v Zuviotoo®v g aviAveng g ovailvong g LOPPOUETPIKNG OOUNG TOL
gidovg S . typhle and tovg otabuodc g Adpuatikic Odracoag, Tov loviov kot tov Atyaiov
[Tehdryoug. To mhéypa amewovilel TV omdKAoT (GKOOLPO UTAE YPOLLY]) OO TO GYNLO OVOPOPAS
tov €idovg S. typhle «kotd v mapovoo  peAétm  (avoyth  pmAe  ypapum).
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4.4. DISCUSSION
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Studies of phenotypic variation play an important role in species identification.
Sibling species are expected to show higher morphological similarity than remote ones.
However, morphometric approaches are able to detect morphological differences even
among congeneric or close related species (Campbell and Dickinson 1990; Moraes et al.
1994; Dhuyvetter et al. 2007). In the present study, multivariate techniques (PCA, DFA
and CVA) seem to be an effective tool for distinguishing between and within S. abaster
and S. typhle species, based on the suggested landmark morphometric protocol. The
established protocol combines knowledge of previous morphometric works on syngnathids
(e.g. Dawson 1986; Lourie et al. 1999; Thangaraj and Lipton 2011; Leysen et al. 2011;
Mwale et al. 2013) and geometric morphometric techniques (Zelditch et al. 2004)
providing a common ground for morphological comparison and species identification.

4.4.1. Morphological comparison of Syngnathus abaster and Syngnathus typhle species

Morphological comparison of S. abaster and S. typhle species indicated that the two
species are completely separated. No intermediate morphotypes were observed, ruling out
the possibility of hybridization. This outcome is in accordance with the species molecular
based phylogenetic studies (Hablutzel 2009, Chapter 3 of the present thesis).

According to the Canonical Variate Analysis, S. typhle species had a more
elongated snout and main body, whereas its trunk was shorter compared to S. abaster. The
difference of the main body and the trunk between the two species was also supported by
meristic characters. S. typhle had more rings in the main body (predorsal) and less in the
trunk (underdorsal and postdorsal) compared to S. abaster. Lindsey (1975) proposed that
main body rings are under selection in the genus Syngnathus, i.e. larger species have more
vertebrae. As shown by Dawson (1986) S. typhle is a larger species compared to S.
abaster. So, Lindsey’s general pattern seems to apply in both species.

Moreover, the observed snout shape changes could probably be attributed to
variations in the foraging ecology of the two species (Keast and Webb 1966; Wainwright
and Richard 1995). Species with shorter snouts generally feed on smaller and less mobile
preys, while pipefish species with larger snouts can feed on larger and faster preys (Franzoi
et al. 2004; Oliveira et al. 2007; Roos et al. 2009; Leysen et al. 2011; Van Wassenbergh et
al. 2011). In particular, S. typhle specimens had a longer snout compared to S. abaster.
This morphometric dichotomy is in accordance with the feeding strategy of the two
species. As the mouth opens its lateral walls expand, increasing the volume of the snout.
This increase as well as the quantity of the inhaled water determines the preying ability of
each species. For instance the long snout of S. typhle can capture relatively fast moving
and large sized pelagic preys. In fact, as S. typhle grows its diet changes progressively from
Copepods to Mysidacea and later to small size Caridea and Gobiidae (Oliveira et al. 2007).
On the contrary, S. abaster demonstrates moderate diet succession with a preference on
little prey hidden in the vegetation (Franzoi et al. 2004).
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Similar correlation of snout morphology and feeding ecology in sympatric
syngnathids has been observed in Syngnathus taenionotus and S. abaster. S. taenionotus
had a longer and terminally cylindrical snout which enables it to capture fast moving preys,
compared to the short- snouted S. abaster species (Franzoi et al. 1993). Also the
sympatrical occurring syngnathids Phyllopteryx taeniolatus, Vanacampus poecilolaemus,
Pugnaso curtirostris and Histiogamphelus cristatus exhibited a similar pattern. In
particular, the first two species feed on relatively mobile prey and have longer snouts
compared to the last two species, which feed on slow moving preys and have shorter
snouts.

Therefore, phenotypic variation between S. abaster and S. typhle species could be
attributed not only on genetic divergence but also on different ecological niches. These
niches formed strong ecomorphological patterns that resulted in distinct phenotypes among
the two species. Morphometric variability among other sympatric and congeneric species
of different organisms, such as members of the subfamily of Maloideae (Campbell and
Dickinson 1990), the oak species Quercus virginiana and Querus geminate (Cavender-
Bares and Pahlich 2009) and the carabid species Pogonus littoralis and Pogonus chalceus
(Dhuyvetter et al. 2007), reinforce the findings of the present study.
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4.4.2. Sexual dimorphism of Syngnathus abaster and Syngnathus typhle species.

In nature, there are three principal forces that drive sexual dimorphism (Berglund et
al. 1986). First of all, the interaction of natural selection and fecundity may act differently
on each sex. For instance, in many species fecundity increases proportionally to body size
only in female specimens (Wootton 1979; Tollestrup 1982; Berglund et al. 1986). The
second force is the interaction of natural selection and food competition between the sexes
that leads to higher feeding rates of the larger sex (Slatkin 1984; Olveira et al. 2007).
Finally, sexual selection can lead to sexual dimorphism. Usually, the sex that competes
harder for mates is more sexually dimorphic that the choosy one (e.g. Trivers 1972; Wade
and Arnold 1980; Andersson 1982; Berglund et al. 1986).

Syngnathus species are susceptible to sexual dimorphism, with females being
usually larger and brighter than males (Berglund et al. 1986). This was also the case of S.
abaster and S. typhle species from Drepano and Neochori stations. Females had a more
elongated and thicker snout and main body and at the same time a more slender trunk
compared to males. This comes as no surprise, as Syngnathus species are Urophori i.e.
carry their embryos in the brooding pooch which is located in their trunk (Herald 1959).
So, males need more space to carry their embryos resulting in a thicker trunk than females.
On the contrary females have larger main body in order to produce and store as many eggs
as possible.

The difference in the snout shape between males and females could be related to
different feeding habits of both sexes and/or the existence of sexual dimorphism.
Particularly Svensson (1988) showed that females of S. typhle species had higher feeding
rates, than males. On the contrary pregnant males reduce their preying capacity in order to
avoid predation and ensure the survival of their offspring. Therefore, as females of S.
typhle feed on faster and larger preys they also need larger mouth (Svensson 1988). Even
though feeding ecology of both sexes is not established in S. abaster species, judging by
the difference in snout morphology of males and females, a similar pattern as S. typhle
species must be followed.

So, sexually dimorphic patterns are obvious and could be related to anatomical
structures and feeding ecology. At this point is has to be mentioned that the observed
sexual dimorphism was not correlated with the length of the species but with their overall
shape.
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4.4.3. Morphometric pattern of Syngnathus abaster and Syngnathus typhle species
along the coastline of Greece.

The phenotypic variation among individuals of S. abaster and S. typhle showed that
both species form three morphometricaly distinct populations: i) Aegean ii) lonian and iii)
Adriatic Sea. As it is already known, these three Seas form distinct biogeographical
regions with different environmental and geological conditions (Bianchi 2007; Coll et al.
2010). Phenotypic variability among these Seas has been recorded for other marine
organisms besides the two studied species. For instance, Mediterranean Diamysis species
differ morphologically among the lonian and the Adriatic Sea (Ariani and Wittmann
2000), while anchovy, sardine and red mullet form distinct populations in the lonian and
the Aegean Sea (Spanakis et al. 1989, Mamouris et al. 1998 a).

These results were expected for S. abaster species as molecular analysis had
indicated that populations from the lonian and Aegean Sea formed two distinct clades.
Also, at a broader scale, the isolation by distance pattern indicates that the populations
from the Greek coastline and the Adriatic Sea must be genetically distinct. Therefore, the
morphological pattern is in accordance with the genetic population structure.

The morphometric pattern of S. typhle revealed phenotypic differentiation between
the lonian, Aegean and Adriatic Seas. The difference between the Greek populations and
the Adriatic Sea was expected. As shown in the phylogenetic analysis (Chapter 3) Adriatic
and lonian-Aegean Sea are distinct populations. Therefore, the difference in their genetic
structure could impact on species morphology, probably resulting in distinct phenotypic
patterns. However, within the Greek coastline the species genetic structure does not follow
a specific geographic pattern (Chapter 3). Therefore, the two morphologically distinct
clades could not be correlated to genetic background (at least not for the studied loci).

At this point it has to be stated that morphometric characters are only partially
genetically determined (Griffiths et al. 2010) and are also under the influence of natural
selection (Arnold 1983; Lande and Arnold 1983; James 1983). In fish species
morphological variation may result from phenotypic plasticity in response to trophic and
environmental conditions prevailing in each area (Corti et al. 1996; Clabaut et al. 2007).
Therefore, the above noticed morphological pattern could be a form of local adaptation to
the variable environmental and physicochemical conditions of lonian and Aegean Seas
(Coll et al. 2010).

Besides the variability at a broader- E. Mediterranean scale (Adriatic, lonian and
Aegean Sea), morphometric analysis of S. abaster species showed distinct clades within
the populations of lonian and Aegean Sea. More specifically, as already mentioned lonian
populations were separated in three groups: i) N. lonian Sea- Katakolo, ii) Kotichi-
Kalogria and iii) Amvrakikos Gulf. This grouping is incongruent with the results of the
species genetic structure. In particular the species Ionian Sea’s haplotypes form one cluster
(Figures 2.8, 2.13). However, they corresponded to populations from different types of
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ecosystems. Kotichi and Kalogria populations were the only ones from estuarine
ecosystems in the lonian Sea sample. The rest of the populations were sampled from
coastal marine ecosystems. From the latter, Neochori population was the only one from a
protected Gulf. Therefore, it is obvious that the three morphological groups coincide with
three different types of ecosystems: i) open sea marine, ii) estuarine and iii) semi-enclosed
protected marine.

Within the Aegean populations of S. abaster species, three distinct clades were,
also, formed: i) N.W. and C. Aegean Sea, ii) N.E. Aegean Sea and iii) S. Aegean
populations. These clades do not only have a biogeographical meaning but also an
ecological one. The populations of the N.W. and C. Aegean Sea are all from open sea
ecosystems, while the rest of the populations were sampled from brackish waters.

Therefore our original hypothesis that S. abaster species would form
phenotypically distinct populations seems to be verified, even though genetic and
morphometric population structure was similar but not identical. In the case of S. typhle
species the distinct morphological clades contradict the significant yet unrelated to
geographic distances genetic structure. Therefore, it is suggested that both genetic
population structure and local adaptations- as response to different habitat conditions-
shaped the phenotypic profile of S. abaster and S. typhle species.
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Chapter 5. Male pregnancy and genetic mating system of
Syngnathus abaster and Syngnathus typhle species in the N.
lonian Sea
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5.1. INTRODUCTION
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Male pregnancy and mating system are two of the most interesting characteristics
of syngnathids biology and S. abaster and S. typhle are the most well-studied European
pipefishes concerning these traits (e.g. Berglund et al. 1988; Vincent et al. 1994; Silva et
al. 2006a, Rispoli and Wilson 2008; Hubner et al. 2013 ). The inverted brood pouch of S.
abaster is a complex closed structure, located in the tail of the males’ body. It constitutes
of two skin folds that are in contact with their free edges and cover the eggs (Carcupino
1997; 2002). The formation of a “pseudo-placenta” and the high concentration of
mitochondrial-rich (MR) and chloride cells suggest that the pouch osmoregulates and
nourish the developing embryos (Carcupino 1997).

Male pregnancy lasts from three to four weeks, at ambient temperature and even
fluctuations of two or three degrees can alter the duration of the pregnancy (24-32
pregnancy days at 18-19 °C, while only 21 days at 21-22 °C) (Silva et al 2006a).
According to Silva et al. (2006a), regardless of the span of the pregnancy, during the
embryonic and larval development the ontogenetic events occur as follows: a) blastula
stage, b) epiboly, c) embryonic shield formation, d) cephalic and caudal dilatation, €) optic
vesicles formation, f) notochord and neural tube differentiation, g) beginning of somite
formation, h) crystalline lens shape, i) ocular pigmentation, j) tail region free from yolk, k)
beginning of melanogenesis, 1) fin differentiation, m) heart beats and visible blood vessels,
n) embryo motility, 0) mouth apparatus development, p) fin rays development, q) dermal
plates, r) coloration, s) hatch from egg envelope, t) release from marsupium (Figure 5.1).
The released embryos (from 24 to 37 specimens, Silva et al. 2006a, Cunha 2012, Hubner et
al. 2013) are fully formed juveniles, resembling adults. After parturition, newborns
immediately assume a benthic distribution (Silva et al. 2006a).

Figure 5.1. Developmental stages of S. abaster species as described in brooding males from Ria de
Aveiro lagoon (Portugal): (a) 3 days, (b) 7 days, (c) 13 days, (d) 17days, (e) 19 days, (f) 21 days,
(9) newborn head detail and (h) newborn juveniles. Scale bars 1 mm (after Silva et al. 2006a).
Ewoéve 5.1 Epppuwkd otédio avamoéng tov eidovg S. abaster, émwg meprypdonkav omd
KVOPOopoHVTa apoevikd dropo amd T Muvobdriacco Ria de Aveiro (IToptoyokia): (a) 3™ nuépag,
(b) 7 nuépag, (€) 13 *nuépag (d) 17 “ nuépag, (€) 19 “nuépag, (f) 21 ™ nuépag, (9) Aemtopépeln
g meployng g Kepoing kot (h) veoyévwnro veapo dropo. Kiipoaka 1 mm (cduewva ue Silva kot
ovv. 20063).
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The reproductive behavior and the social mating system of S. abaster species under
reared conditions have been extensively described by Silva et al. (2006b; 2008; 2010).
Prior to reproduction both sexes engage in courtship and mating rituals accompanied by
flickering and parallel movements above the vegetation (Figure 5.2). Secondary sexual
traits evolve in both sexes particularly in the abdominal region. Males were observed to
mate with a maximum of three females, while females were also observed to spawn with
more than one male. Therefore, the social mating system is characterized as
polygynandrous (Silva et al. 2006b). The pieces in the puzzle of S. abaster mating system
were put together when Cunha (2012) and Hubner et al. (2013) described the species
genetic mating system. In a microsatellite based parentage analysis they showed that both
males and females mate multiple times. Therefore, they confirmed that S. abaster is a
polygynandrous species.

Despite the species wide distributional range, data on social and genetic mating
system are available only from the above mentioned brackish populations in Portugal
(Cunha 2012; Hubner et al. 2013). However, as proven in other syngnathid species the
mating system is strongly affected by temperature (Ahnesjo 2008), sexual selection
(Rispoli and Wilson 2008; Maobley and Jones 2007; 2009; Wilson 2009; Monteiro and
Lyons 2012) demography (Mobley and Jones 2007; Rispoli and Wilson 2008) and/or
habitat (Mobley and Jones 2009). Therefore, data from only one region can under- or
overestimate the level of polygamy or obscure aspects of the mating system.

(d)

3 T —— ——— :
Figure 5.2. Overview of the main stages of courtship and mating behavior of S. abaster species: (a)
vertical swimming, (b) crossing, (c) parallel swimming and (d) spawning (after Silva et al. 2006b).
Ewova 5.2. Tleptypagr tov kopliov otadiov tng epwtotpomiog tov &idovg S. abaster: (a)
TapdAANAN Kivnon ot oTYAN Tov vePoD, (b) TAéE o Tov copdtov, (C) TapdAAnin kivion kabeta
ot otfAn Tov vepov and (d) yovipomoinon (ooupava pe Silva kon cov. 2006b).
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Extensive laboratory and field studies have broadened the horizons of male
pregnancy, reproductive ecology and mating system of S. typhle (e.g. Berglund et al. 1988;
Vincent et al. 1994; 1995; Jones et al. 1999; Rispoli and Wilson 2008; Goncalves et al.
2010). The brood pouch of S. typhle is characterized as “inverted” with a similar structure
and organization as S. abaster (Herald 1959; Berglund 1989; Vincent et al.1994). The
brood pouch can accommodate from 20 to 250 embryos with an average range of 23+65
(Berglund et al. 1986; Vincent et al. 1995; Jones et al. 1999). During male pregnancy there
Is a positive correlation between male body size and clutch size (i.e. number of offspring
that the male pouch can accommodate), with larger males carrying larger embryos than
smaller ones (Berglund et al. 1986). At the same time, the average number of eggs
transferred from a female to each male per spawning incident, is positively correlated with
female body size (Berglund et al. 1986).

The embryonic and larval development of the species remains an undiscovered
territory. However, Sommer et al. (2012) proposed that differences in the developmental
stages may result from variations in the level of brood pouch complexity. Therefore,
species with the same pouch structure- such as S. typhle and S. abaster- could undergo
similar- if not identical- embryonic and larval stages (Figure 4.1), even if the duration of
the stages differs among species. However, this theory is an indication that needs to be
tested and verified in a wider spectrum of species before being confirmed.

The mating system of S. typhle was one of the first to be explored in the
Syngnathidae family. Both laboratory and field observations indicate that, prior to mating,
males and females are engaged into an elaborate courtship behavior and dance -similar to
S. abaster species- that ultimately determines the success of the mating (Vincent et al.
1995). Both sexes are observed to mate multiply in one breeding cycle i.e. one male carries
eggs of more than one female, while one female allocates her eggs in two or more males
(Berglund et al. 1988, Vincent 1994; 1995). These observations were the first evidence of
polygynandry. Larger females are usually the ones to allocate their eggs in more than one
male compared to smaller. This is done probably in order to minimize the variance on
offspring number and reduce sib-sib competition among their large eggs (Berglund et al.
1988)

Observations based on field and laboratory studies of S. typhle mating system are
also supported by genetic data (Jones et al. 1999; Rispoli and Wilson 2008). Microsatellite-
based parentage analysis indicated that males mate with multiple females, while the same
female may sire embryos in the brood pouch of more than one male. Thus, the genetic
mating system of S. typhle is confirmed as polygynandrous. An interesting finding is that
the degree of male polygamy is positively correlated with sexual size dimorphism
suggesting that when males can brood more embryos, females are also able to produce
more eggs (Rispoli and Wilson 2008).

The above overview of male pregnancy reveals that even though many aspects have
been unraveled, there are still unexplored territories, such as the behavior of brooding
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males during gestation and the actual process of the parturition. Even though less studied,
these are important aspects of the reproductive biology and ethology of the two species.
More specifically, the structure and the content of the pouch change during pregnancy as:
a) changes in the epithelium tissue occur in order to osmoregulate the embryos, b) the
tissue of pseudo-placenta forms, ¢) embryos hatch from their eggs and develop to fully
shaped juveniles ready to be released and d) the two skin folds of the pouch that cover the
eggs open and release the offspring (Carcupino et al. 1997; 2002; Silva et al 2006a;
Sommer et al. 2012). In order to go through with these changes- especially the last two- the
volume and the shape of the pouch cannot stay the same and has to change. Combined with
the fact that the brood pouch of the two species is semi-transparent (more or less), two
questions arise, the answer of which was the first goal of the present chapter: How do these
structural changes and offspring developmental stages depict on pouch morphology? If the
impact is visible could it be used as an indirect estimator of the embryonic and larval
developmental stages? Given that the brood pouch of the two species is semi-transparent it
was hypothesized that, as embryos hatch from their eggs and develop into fully formed
juveniles, their body pigmentation would be visible and could potentially alter the color of
the pouch. If this is the case, black colored pouches could be a sign of advanced pregnancy
while light colored a sign of early developmental stages.

Moreover, to our knowledge so far, the actual procedure of parturition has only
been fully described in the seaweed pipefish Syngnathus schlegeli and in the opossum
pipefish Microphis brachyurus (Watanabe and Watanabe 2002; Frias-Torres 2004). Silva
et al. (2006a) refer briefly to some aspects of S. abaster offspring release too. In these three
studies parturition is described as an intense procedure, accompanied with strong
vibrations and contractions of the body. The second goal of this chapter was to describe the
proses of parturition and examine how two species with different vertical position but same
pouch type go through this ordeal. The two studied species assume different vertical
positions, despite the fact that they have the same brood pouch type. S. abaster is a benthic
species with a bottom dwelling preference, while S. typhle mostly occupies the upper part
of the canopy and the water column in a more vertical posture, aligning the body with the
artificial leaves (Malavasi et al. 2007). Taking that aspect into account, it was hypothesized
that the two species would retain their spatial segregation throughout pregnancy, and
during parturition they would vibrate along their vertical axis.

Furthermore, Silva et al. (2006a) revealed that S. abaster offspring are released
from the brood pouch fully formed, are miniatures of adult specimens and acquire a
benthic behavior right after birth. Given the resemblance of newborns to adult specimens,
could distinct features between adults S. abaster and S. typhle species (size, shape,
anatomical traits and vertical position) be visible in offspring too? The answer to that
question was the third goal of the present chapter. In order to address it, the total length
and weight, morphometry, number of dorsal fin rays and vertical position of both species’
offspring was examined and compared. If the newborns were actually miniatures of adult
specimens larger sized newborns of S. typhle with more dorsal fin rays than S. abaster
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were expected to be found, following the morphological pattern and the gesture of their
parents.

As already mentioned, both species are considered polygynandrous (Jones et al.
1991; Rispoli and Wilson 2008; Cunha 2012; Hubner et al. 2013). This assumption is
based on analysis of populations over a wide range of S. typhle distributional range (Jones
et al. 1991; Rispoli and Wilson 2008), but only from Portugal populations as regards S.
abaster (Cunha 2012; Hubner et al. 2013). However, existing studies on S. typhle and its
congeneric S. floridae showed that the mating system and level of multiple mating may
vary over space and time due to ecological reasons (e.g. temperature, predation, population
density), sexual selection (e.g. sexual size dimorphism) and/or geographic isolation
(Rispoli and Wilson 2008; Mobley and Jones 2007; 2009).

Also, molecular analysis (Chapter 3) revealed distinct clades of S. abaster between
lonian and Aegean Seas, while S. typhle exhibited isolation by distance pattern only at a
European scale. Sexual size morphometric analysis of S. abaster and S. typhle revealed that
females have a more elongated and thicker snout and main body and at the same time a
more slender trunk compared to males (Chapter 4). However, the dimorphism was not
translated into differences in the total length between males and females of the lonian Sea
(Chapter 2). The absence of sexual size dimorphism is in contrast with the so far studied
populations of both species (Berglund et al. 1986; Vincent et al. 1995; Silva 2006b; Rispoli
and Wilson 2008; Hubner 2013).

Under this perspective, the final goal of the present chapter was to describe the
genetic mating system of S. abaster and S. typhle in the N. lonian Sea. More specifically, it
was examined if geographical isolation and the absence of sexual size dimorphism could
impact the degree of multiple mating of both species. It was hypothesized that
geographical isolation and absence of size dimorphism would affect mating behavior in
both species compared to the populations across their distribution range that show signs-
even moderate- of sexual selection.
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5.2. MATERIALS AND METHODS
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5.2.1. Sampling method

S. abaster and S. typhle individuals were collected with a hand-net (30 cm high and
40 cm long, mesh size of 2 mm) in Drepano station (for details see Chapter 2.2.1, 2.2.2.) in
the first half of the reproductive period of 2012 (May-July). Sex was examined on the spot
macroscopically by the presence (males) or absence (females or immature individuals) of
the brood pouch. A representative sample of females and non-brooding males of both
species (S. abaster, N: 34; S. typhle, N: 18) was stored at 80% alcohol solution in order to
be used in the parentage analysis. These individuals constituted the sample of the wild
population (WP). The rest of the sampled non- brooding males, females and immature
individuals were released back to the sea. Pregnant males were kept in an open tank with
sea water until the end of the sampling effort. Then, the degree of their pouch fullness was
examined. Males with half full or empty pouches were returned to the sea, while those with
full pouches were kept in the tank and transported in the laboratory. In total, seventeen and
six males of S. abaster and S. typhle species, respectively, with full pouches were caught
during the 3 months.

5.2.2. Fish maintenance

Pregnant males of S. abaster and S. typhle males were brought to the laboratory.
Each male was placed in a separate 25 L aquarium and kept under natural light (Figure
5.3). A “pseudo substratum” was placed in the bottom of the aquarium. The pseudo-
substratum consisted mainly of sand, gravel and plastic seagrass in order to mimic the
original habitat where fish were caught and filter the water of the aquarium. Oxygen was
supplied via air pumps. In order to avoid the ‘gas bubble disease’, common in pipefishes
(Monteiro et al. 2002), aeration was performed in a cylindrical tube inside the tank.
Salinity remained constant in 37 psu as water was partially renewed every second day with
fresh water transferred from Drepano station. Fish were fed twice a day with a mixture of
frozen zooplankton and artificial food pellets. From the seventeen captured males of S.
abaster species, eleven were able to survive and give birth to viable offspring under reared
conditions. During the same period half of the males of S. typhle died before giving birth (3
pregnant males survived).
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Figure 5.3 Brooding male of S. typhle species lying among plastic seagrass in the 25L aquarium
with sandy- gravel substratum during the present study.

Ewova 5.3. Apcevikd Kvo@opolv dtopo tov gidovg S. typhle avapeso otn teyvnt PAdoTnon Tov
gvudpeiov (25L) pe apuddn- yolkddn moduéva Katd t Stapkeln TG Tapodoag LEAETNG.

5.2.3. Data collection

Fish were kept in the aquarium until they released all the embryos of their brood
pouch. The labor was recorded and notes were kept on each species behavior. Newborn
juveniles were removed from the aquarium and put in ice. Once they were immobilized,
they were separated according to their color and counted. In each individual the number of
dorsal fin rays (NDFR) was counted and total length (TL) and total weight (TW) were
measured to the nearest 0.1 mm and 0.001 gr, respectively. Each individual was stored at
80% alcohol solution in order to be used in parentage analysis. The father (adult male) was
processed in the same way.

5.2.4. Statistical analysis

The total length, total weight and number of dorsal fin rays of the newborns and the
father was compared between and among the two species and between and among each
birth using the Kruskal-Wallis ANOVA non-parametric test (H) (Zar 1999) as the
assumption of homogeneity was not met. The correlation of total length and weight of
adult males with the number of released newborns was performed by Spearman's rank
correlation coefficient (rho) (Zar 1999). Statistical analyses were performed with SPSS ver
21.0.
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5.2.5. Parentage and genetic mating system analysis

5.2.5.1. Selected loci

In the present study four microsatellite loci -S. abas3, S.abas4, S.abas7 and
S.abas9- were used to assess the genetic mating system and parentage analysis of S.
abaster and S. typhle species (Table 5.1.). These loci have been previously isolated and
characterized for S. abaster and successfully cross-species amplified in S. typhle species by
Diekmann et al. (2009). They have been, already, successfully used in genetic mating
system and parentage analysis of S. abaster species from Ria Fermossa Lagoon (Cunha
2012; Hubner et al. 2013).

5.2.5.2. DNA extraction

Genomic DNA from all specimens was extracted from tail muscle tissue after the
modified phenol-chloroform extraction protocol (Sambrook and Russel 2001). The
procedure followed is described in detail in Chapter 3 of the present thesis. The amount of
extracted DNA was quantified by loading 5 ul of each extraction on a 1 % agarose gel
stained with ethidium bromide.

5.2.5.3 Polymerase Chain Reactions

PCRs were performed in 10 pl volume containing 5U KAPA Taq ReadyMix
(KAPABIOSYSTEMS), 25 mM MgCl,, 100 pmol of reversed primer, 100 pmol of
IRD800-labeled forward primer and 100 ng DNA. Negative (1 pl ddH,O instead of DNA)
and positive (100 ng DNA of an individual whose loci had already been successfully
amplified) controls were included in all reactions. PCR reactions were performed on an MJ
Research PTC- 200 gradient cycler under the conditions shown in Table (5.2). To ensure
amplification, PCR products were visualized in 1.5% agarose gels.

5.2.5.4. Genotyping of samples*

Pregnant males, a representative subsample of their offspring and wild population
individuals were genotyped at the four loci. As already mentioned, offspring were stored
according to their coloration. Within each brood, approximately five individuals per color
were genotyped.

> IRD800 is a heptamethine cyanine dye absorbing and fluorescing in the near infrared
region of the spectrum (800 nm).

* Genotyping procedure described after the manual of Li-COR 4200 DNA analyzer.
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Table 5.1. Primer sequences and allele sizes of the four microsatellite loci that were used in the
parentage analysis of S. abaster and S. typhle species, in the present study (F, forward primer; R,
reverse primer; IRD800, primer label; size range, PCR product size at each locus).

Hivakag 5.1. AxolovBieg OAtyovOuKAEOTIOWK®MV eKKIVNTAOV Kot pHEYEBOC OAANAOLOPPOV T®V
TEGGAPOV UIKPOSOPLOOPIKAOV TOTWOV TOV YPNCILOTOMONKAV 6TV AVAALGT TATPOTNTOS TV EWOMV
S. abaster kot S. typhle otv mapodoag epyaciog (F, exkivntig vonuotikod kKh@vov; R, exkivntig
un vonuatikod kAdvov; IRD800, ypwotikn yio T ofjuaven Tov ekkivnt; Size range, to péyebog
TOV TPOIOVTOG TNG AALGLOMTHG avTidpacNc ToAvuepdong ke TOmoV)

Locus Primer sequence (5'-> 3") Repeats Size range (bp)
F: IRD800-TTCCCCCTAGGACCAATAAAGTATCT

S.abas3 (ATCT)s, 166-294
R: TGAGAGTGGTTGCCTCCAGC
F: IRD800-ACAAAATGCAAGTGATCCTGTGTAGG

S.abas4 (TCTA)3s 193-497
R: TGGTGTGGTGGAACTGAATGACG
F: IRD800-CGATGTGCGAGACCTGTTGCG

S.abas7 (GATA)33 198-498
R: AAAGAGGCGGAGCTTGTGTAAGGA
F: IRD800-TGATTTGGAATGACACGGGTGGTTTG

S.abas9 (ATAG)33 192-424
R: TCGTTTTGTGTGCACCGAGTGTT

Table 5.2. PCR conditions for the microsatellite loci S.abas3, 4, 7 and 9 used in the preset study
ivakag 5.2. ZuvOnkeg mov axorovdnOnkov otig avtidpdcelg PCR ya Toug pukpodopugoptkoidg
tomovg S.abas3, 4, 7 and 9 kotd T mapovoo pEAET.

Steps Loci

S.abas3, 4 and 7 S.abas 9

Stepl. Initial denaturation | 94 °C for 360 sec 94 °C for 360 sec

Step2. Denaturation 95 °C for 30 sec 95 °C for 30 sec

Step3. Annealing | 64 °C for 30 sec 67 °C for 30 sec

temperature

Step4. Extension 72 °C for 60 sec 72 °C for 30 sec

Stepb. repetition of steps 2-4 for 37 | repetition of steps 2-4 for 37
cycles cycles

Step6. Final extension 72 °C for 20 min 72 °C for 20 min
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Genotyping was performed on a semi-automated Li-COR 4200 DNA analyzer. The
LI-COR System used infrared (IR) fluorescence to detect DNA. DNA polymerase
incorporated the used IRD800-labeled primer into a set of chain-terminated fragments.
These fragments separated according to size on the 6.5% (LI-COR® KB Plus™)
acrylamide gel (Iength*width: 25*0.25 (cm*mm). TBE 1X was used as loading buffer. LI-
COR® Size Standard IRDYE™ 800 (50-350 bp) was used as molecular weight ladder. The
ladder was composed of 15 IRD-labeled DNA fragments with equal banding intensities
(350, 325, 300, 255, 230, 204, 200, 175, 145, 120, 105, 100, 94, 75 and 50 bp) in 90%
formamide solution with bromophenol blue.

A solid-state laser diode excites the infrared dye on the DNA fragments as they
migrate past the detector window. A focusing fluorescence microscope- containing a solid-
state silicon avalanche photodiode- scans the whole gel back and forth collecting data in
real time. The raw image data are displayed in an autoradiogram-like format on the
computer screen as a series of bands (Figure 5.4). Genotyping was conducted manually in
SagaGT software by two researchers working separately. The results were afterwards
cross-checked to validate the genotypes.

One or two days before the electrophoresis, PCR products were diluted in
formamide solution constituting of formamide and loading buffer (glycerol 50%:
bromophenol blue 0.1%: methylene blue 0.1% = 8V:1V: 1V) in a ratio of 10:1. Dilution
depended on the concentration of PCR products and it ranged from 1:3 (concentration < 10
ng/ul) to 1:50 (concentration > 20 ng/ul). Prior to electrophoresis PCR products were
denaturated at 95 °C.
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Figure 5.4. Genotype pattern of microsatellite locus S.abas4 in polyacrylamide gel in the present
study (M, molecular weight marker with shown bands of 200, 204, 230, 255 and 300 bp; G9 and
G4, fathers’ genotypes; O1, genotypes of G9 offspring; O2, genotypes of G4 offspring; x,
genotyped alleles; the color of x differs according to the allele’s size, same coloration in x indicates
alleles of the same size).

Ewova 5.4. TTpotuma yevothHnmy Tov pikpodopu@opikod tomov S.abasd g napovcag perétng (M,
uaptopag poplakod Papovg pe supaveic Coveg ota 200, 204, 230, 255 and 300 C.B.; G9 and G4,
YevOTLTOL 600 0pceVIKaVY yevvntopmv; O1, yevotumol tov amoyovav tov G9; 02, yevotvumot tv
amoyoveov Tov G4; X, YeEVOTUTNUEVE, AAANAOLOPQO; T0 Ypoua tov X dpépetl pe o0 péyedog tov
UAANAOUOPPOVL, TO 1010 YpdUO ELPavIlETOL GE AAANAOUOPPO, TOV 1010V peyEHovg).

5.2.5.5. Microsatellite analysis

After genotyping, allele frequencies, number of alleles per locus, observed (Ho)
and expected (He) heterozygosity, Hardy-Weinberg equilibrium, Polymorphic Information
Content (PIC) and null alleles frequency were calculated in each locus using Cervus 3.0
software (Kalinowski et al. 2007). Hardy-Weinberg equilibrium was tested by the exact
test using the Markov chain method. The PIC value takes into consideration both the
number of alleles and their relative frequencies. Compared with the index of
heterozygosity, it provides additional information regarding the relative frequencies of
alleles at a marker locus (high polymorphism if PIC value > 0.5) (Botstein et al. 1980).
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5.2.5.6. Parentage analysis and genetic mating system

Microsatellites are usually co-dominant and therefore, each genotyped embryo
carries a record of both maternal and paternal alleles. Brood pouch ensures male
syngnathids for the paternity of their offspring. Therefore, the father’s allele is always
known. The second unknown allele is inherited by the mother and can be deduced by
subtraction. Colony software (Jones and Wang 2009) was used to reconstruct the mother’s
genotypes from arrays of half- or full- siblings.

The total length and number of dorsal fin rays of offspring from different mothers
were compared using the Kruskal-Wallis ANOVA non-parametric test (H) (Zar 1999), as
the assumption of homogeneity was not met. Statistical analyses were performed with
SPSS ver 21.0.

The level of multi- paternity and maternity was used to assess the genetic mating
system of the two species. Therefore, based on parentage analysis it was assessed whether
males mated with one or more females and whether the same mother sired juveniles in one
or more pregnant males.

5.2.6. Morphometric analysis

5.2.6.1. Landmark-based morphometric protocol

Digital images of the 1* day juveniles of S. abaster and S. typhle species, in a
standard position pointing to the left, were analyzed. The landmarks that were selected
were the same as the ones used in adults’ morphometric analysis in Chapter 4 (Figure 5.5.).

i e
Figure 5.5. Landmarks used in the morphometric analysis of 1* day juveniles of S. abaster and S.
typhle species born under reared conditions in the present study, shown on a figure of S. abaster
juvenile.

Ewéva 5.5. Opdonpa mov ypnoiporombnkay yio T LOPPOUETPIKT] AVAALGT] TOV VEAPDV ATOUOV
(1™ nuépag) tov edmv S. abaster kot S. typhle, ta omoia yevwnOnkav oe gpyactnplokés cuvOnkeg

Katd T ddpkelo TG mapovoog perétng. H amewdvion mpaypoatonoleitor oe veapd GTOUO TOV
gidovg S. abaster.

218



5.2.6.2. Statistical analysis

The procedure of the statistical analysis is described in detail in Chapter 4. Briefly,
body size was estimated as centroid size. The raw coordinates of all specimens were
aligned using the Procrustes generalized orthogonal least-squares (GLS) superimposition
method. Principal Components Analysis (PCA) of the aligned coordinates was used to
reduce the number of dimensions to the actual shape space dimensionality. The PC scores
were used as variables in the Linear Discriminant Analysis (LDA) (Clunies-Ross and
Riffenburgh 1960). The discriminatory effectiveness was determined from the percentage
of correct classifications in a leave-one-out cross validation for linear discriminant analysis
(Venables and Ripley 2002). All morphometric and statistical analyses were performed
with MorphoJ, R-project MASS package (Venables and Ripley 2002) and SPSS ver. 21.0.
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5.3. RESULTS
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5.3.1. Syngnathus abaster species

Eleven (11) pregnant males of S. abaster species gave birth under laboratory
conditions in the present study. The males exhibited a mean total length of 108.6 mm
(ranging from 87 to 120 mm), a mean total weight of 0.520 gr (ranging from 0.262 to
0.616 gr) and a mean number of 27 dorsal fin rays (ranging from 26 to 29) (Table 5.3).

5.3.1.1. Notes on male pregnancy and parturition of Syngnathus abaster species

Pregnant males spent most of their time swimming near the bottom of the aquarium
or lying in the lower parts of the artificial vegetation. In the early stages of pregnancy
males were mobile, especially during feeding time. Their pouch was stiff and its color
resembled that of the rest of the body (Figure 5.6a). As the pregnancy progressed, males
spent most of their time lying in the bottom or resting in the artificial vegetation showing
reduced mobility during feeding time. The texture of the pouch softened, its colored turned
to grey-black and grew in size (Figure 5.6b, c). During that period the embryos had
hatched from their eggs and were wrapped in the pouch (Figure 5. 6b, c). When, the
embryonic development was completed, fully formed juveniles were ready to be released
(Figure 5.6c).

"

Figure 5.6. Visible changes in the complexion and the texture of the brood pouch as recorded in S.
abaster pregnant males of the present study, a) the pouch is stiff and the inseminated eggs are
visible, b) eye-pigmentation of the embryos, ¢) the marsipium softens, grows in size as embryos
hatched from their eggs and have developed into fully formed juveniles ready to be released.
Ewova 5.6. AMloyég oty von Kol OTNV EUEAVIOT] TOV EUPPLIKOD GAKOL TOV OPCEVIKMV
KLOPOPOHVTMV OTOUMY TNG TAPOVGOC HEAETNG, &) O GAKOG £ival GKANPOG KOl TO, YOVIHLOTOMUEVQ
avyd eivor gpeavn, b) eueavog oyNUATIoUEVOS Kol YP®UOTIoUEVOS 0pBaAude, C) 0 odkog eivol
HoAaKOG, Exel peyolmoel og péyeoc evad ta EuPpua Exovv exkorapdel and ta afyd tovg, Egovv
avamtuydel kot eivor Etoa va exkkolapdovv.
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Table 5.3. Descriptive statistics for the total length (TL, mm), total weight (TW, mm) and the
number of dorsal fin rays (NDFR) of the eleven pregnant males of S. abaster that gave birth under
reared conditions in the present study.

Hivakag 5.3. Teptypagikt| otatiotiky] avaivon tov olkov pnkog (TL, mm), oo Bapovg (TW,
gr) xai tov apBpov Tov aktivav Tov paylaiov ttepuyiov (NDFR) T@v kvopopodviemv apceviKmv
tov edov S. abaster ta omoia yévvnoav og gpyaotnplokég cuvOnkeg katd Tn Sidpkeln TG
TapovGOG LEAETNG.

Date of birth Coloration TL TW NDFR MeanTL Mean TW Mean NDFR

7/5/2012 light green 107 0.522 28
14/5/2012 brown-green 106 0.588 28
29/5/2012 light green 117 0.577 28

2/6/2012 light brown-green 120 0.616 26
2/6/2012 dark green brown 87 0.262 27

7/6/2012 green 116 0.526 27 108.6 0.520 27
8/6/2012 dark brown green 104 0.52 29
3/7/2012 green 105 0.415 27
9/7/2012 brown green 113 0.562 28
13/7/2012 green 111 0.598 27
18/7/2012 green 109 0.565 27

On the day of the parturition the animal could barely move and the pouch was
almost ready to open. Most of the males (82 %) gave birth during the night or in the early
morning (between 9:00 pm and 9 am). In the beginning of the parturition, males started
rolling and twisting their body. Even though S. abaster is a benthic species, during these
movements they were not swimming in the bottom of the aquarium but acquired a more
upright position almost vertical to the substratum. Fully formed juveniles, resembling the
adults, were released from the marsupium by sharp bending movements of the male’s
body. The brood pouch opened either in the upper end, in the middle or in the lower end.
The pseudo-placenta and the embryos were released as the fissure moved like a “zipper”
downwards, in both directions or upwards respectively. In all studied males only one
expanding fissure was noted - and never two or more - from which juveniles could be
released.

Juveniles were released in batches. Before each release the male twisted and
bended his body indicating a stressful state of labor and contractions. In the beginning few
individuals were born sporadically, with intervals up to an hour between each release. The
majority of the offspring were released in one big or two smaller batches. The remaining
juveniles were released in sporadic batches, similar to the beginning of the labor. The
juveniles could be released with the tail or the head following no particular pattern (Figure
5.7). During the intervals of successive batches, the pregnant male would stay still -
probably resting- in the bottom or in the artificial plant exhibiting reduced or absent signs
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of movement. At the end of the parturition along with the last newborns the pseudo-
placenta tissue was also detached. Newborn juveniles of S. abaster spent most of the time
near the bottom hiding or swimming in the sand, with only some sporadic movements
towards the surface, followed by a return to the bottom section of the aquaria (Figure 5.8).

Even though adult males were regularly fed during the parturition and right after,

filial cannibalism was recorded almost in all males.

Figure 5.7. Newborn specimen of S.
abaster species being released from the
brood pouch of a pregnant male during the
present study.

Ewcova 5.7. Neoyévvnto Gtopo tov €idovg
S. abaster xafmg elevbepdvetar amd tov
eufpuikd GAKO  TOL  KLOPOPOVLVTOG
UPOGEVIKOV, KUTA TN TOpoVCa PLEAETT).

Figure 5.8. Vertical distribution (near
the bottom of the aquarium) of S.
abaster 1% day juveniles, acquired right
after abandoning the marsupium. The
juveniles were born under reared
conditions in the present study.

Ewova 5.8. Katavoun ot ommhin tov
VEPOD TOL €VLIOPEIOL TV  VEAPDV
atopwv (1™ nmuépag) tov &idovg S.
abaster (kovtd otov mvbuéva), o omoia
yevvnOnKav o€ £pyaoTNpLOKES cLVONKESG
KT T S1GPKELN TG TOPOVGAS HEAETNG
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5.3.1.2. 1* day juveniles of Syngnathus abaster species

The eleven pregnant males that gave birth under laboratory conditions released 473
juveniles (average number of 43 juveniles per male) . The total length, total weight and
number of dorsal fin rays of the 1* day juveniles ranged from 13.0 to 22.0 mm (Mean TL=
17.mm), 0.001 to 0.005 gr (mean TW= 0.003 gr) and 24 to 30 (mean NDFR= 28)
respectively (Table 5.4). The above mentioned measurements were not correlated with the
number of released newborns (Spearman's correlation coefficient: r=0.528, p>0.05 and
r=0.487, p>0.05 respectively).

Table 5.4. Total length (TL, mm), total weight (TW, mm) and number of dorsal fin rays (NDFR)
of S. abaster 1* day juvenile specimens born under reared conditions in the present study (N,
number of individuals; Mean, mean value; Min, minimum value; Max, maximum value; St.Dev,
standard deviation).

Hivakag 5.4. Ol pnkog (TL, mm), oAkd Bapog (TW, gr) kot aptBudg aktivov tov payloiov
ntepuyiov (NDFR) tov veapdv atépov (1™ nuépac) tov gidovg S. abaster, to omoia yevviOnkoy
o€ gpyaoTNPLOKEG oLVONKee Katd T diapkela ¢ mapovoag perétng (N, apBudc atouwv; Mean,
péon Tun; Min, eldyot tipn; Max, péytotn tun; St.Dev, tomikn amdkAion).

Species Mean Min Max St.Dev
. abact TL 177 13.0 22.0 018
- anaster T™W 0.003 0.001 0.005 0.0008
(N = 473)

NDFR 28 24 30 1.04

Even though the total length, total weight and number of dorsal fin rays did not
vary statistically between pregnant males, differences were recorded between their
offspring (Table 5.5). More specifically, juveniles born in 7/6/2012 and 8/6/2012 were the
shortest and lightest, while those born in 29/5/2012 the longest and heaviest. Three
intermediate length and two weight groups were recorded (Figure 5.9). Total length and
total weight covaried (Spearman's correlation coefficient: r=0.874, p<0.001). Larger
individuals were the heaviest and vice versa. The smallest number of dorsal fin rays were
recorded in individuals born in 3/7/2012 (mean number of 26) while the most in 8/6/2012
and 9/7/2012 (mean number of 28 rays respectively). The individuals from the rest of the
fathers formed one large intermediate group (Figure 5.9).
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Table 5.5. Total length (TL, mm), total weight (TW, mm) and the number of dorsal fin rays
(NDFR) among S. abaster 1% day juvenile specimens born from eleven different pregnant males
under reared conditions in the present study (N, number of individuals; Mean, mean value; Min,
minimum value; Max, maximum value; St.Dev, standard deviation).

Mivakag 5.5. Olkd pnkog (TL, mm), oAwd Bapog (TW, gr) kot aptBpdc aktivov tov poyloiov
ntepuyiov (NDFR) petal&d veopdv atdéumv (1™ nuépag) tov eidovg S. abaster, ta omoio
vevvnnkov oe epyactnplakés GUVONKES amd EVTEKD JLAPOPETIKOVS OPGEVIKOVS YEVVITOPES KATA
™ ddpkela g mopovoag uerémc (N, apBudg atopmv;, Mean, péon tyun; Min, eldyom tiun;

Max, UEYIOTN TIUN; St.Dev, TUTTIKY
amdxkiion).

Date of birth Mean Min Max St.Dev

TL 17.8 15.0 20.0 0.14
7/5/2012 (N=27) ™

NDFR 28 27 29 0.42
TL 18.3 17.0 20.0 0.10

14/5/2012 (N=49) TW 0.003 0.002 0.005 0.0006
NDFR 28 26 30 1.04
TL 19.7 17.0 22.0 0.14

29/5/2012 (N=63) TW 0.004 0.002 0.005 0.0009
NDFR 28 26 30 0.69
TL 18.2 14.0 20.0 0.17

2/6/2012 (N=67) TW 0.003 0.001 0.005 0.0009
NDFR 27 25 29 0.80
TL 18.2 16.0 19.0 0.07

2/6/2012 (N=33) TW 0.003 0.003 0.004 0.0005
NDFR 28 27 29 0.65
TL 15.3 13.0 18.0 0.12

7/6/2012 (N=48) TW 0.002 0.002 0.003 0.0005
NDFR 28 26 30 0.79
TL 15.0 13.0 16.0 0.09

8/6/2012 (N=42) TW 0.003 0.001 0.003 0.0006
NDFR 28 26 30 0.89
TL 17.5 16.0 19.0 0.08

3/7/2012 (N=37) W 0.003 0.002 0.004 0.0005
NDFR 26 25 28 0.70
TL 17.8 16.0 19.0 0.08

9/7/2012 (N=39) W 0.003 0.002 0.004 0.0003
NDFR 28 25 30 1.02
TL 18.8 16.0 21.0 0.11

13/7/2012 (N=29) TW 0.003 0.002 0.005 0.0007
NDFR 28 26 30 1.10
TL 17.3 15.0 19.0 0.11

18/7/2012 (N=39) W 0.003 0.002 0.004 0.0006
NDFR 27 24 29 1.24
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Figure 5.9. Box plots of the total length (TL, mm), total weight (TW, mm) and the number of
dorsal fin rays (NDFR) among S. abaster 1* day juvenile specimens born from eleven different
pregnant males under reared conditions in the present study (H, Value of Kruskal-Wallis non
parametric test; P, level of significance, the middle bold black line within each box corresponds to
the median, the points are outliers, the asterisks are extreme outliers and the T-bars that extend
from the boxes correspond to the standard deviation).

Ewéva 5.9. Onkoypappoto tov okkod prkog (TL, mm), okwkod Bapovg (TW, gr) xat tov aptBpod
TV aKTivoy tov poyleiov mrepvyiov (NDFR) peta&d veapdv atdpmv (1™ nuépag) tov gidovg S.
abaster, 1o omoio yevwhOnkav cg gpyaotnplakés cuvOnkes amd Evieka SLAPOPETIKOVG OPGEVIKOVG
YEVVNTOPEG KOTA TN ddpkeln ¢ mapovoag peréme (H, m Ty Tov un- TOpOpETpIKoy TEGT
Kruskal-Wallis; P, eninedo onuaviikdtntag, m pecoio €viovn ypapur kébe Onkoypdpportog
VTIGTOLYEL 6TO SLAUESO, 01 KOKAOL GE OKPOIES TIUEC, Ol 0IGTEPIOKOL GE eEUIPETIKG AKPOIES TILEC KoL
Ol YPOUUEC oyNUaTog «T» otV TUTIKN ATOKAGN TOL JElYIOTOC).
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In the day of parturition, within each birth, most offspring were of the same length
and weight and had the same number of dorsal fin rays (Figure 5.10), while their coloration
varied from a light shade (light green or brown), to a darker (dark green or brown) or even
black (Figure 5.11, Table 5.6). No important statistical differences were recorded in the
total length, total weight and number of dorsal fin rays of different colored juveniles (Table
5.7). Exceptions to this pattern were the births on the 7/6/2012 and 18/7/2012, when
juveniles with black or dark brown body colors were statistically shorter than the rest of
their siblings (Figure 5.12). Additionally, dark colored specimens born on 2/6/2012 and
black colored born on 7/6/2012 had statistically more and less dorsal fin rays respectively,
than their siblings (Figure 5.12).
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Figure 5.10. Total length, total weight and number of dorsal fin rays (NDFR) distribution of 1% day
offspring of S. abaster species born under reared conditions in the present study.

Ewova 5.10. Kotavour olMkold punkovg, oAtkod Bapovg kot aptBpod Tov aktivav Tov poyloiov
nTEPLYioL TV veapmdv amoyovev (1™ nuépac) tov €idovg S. abaster, ta omoio yevviOnkov vrd
EPYOOTNPLOKEG GUVONKEC KATE TNV TOpOoVGO LEAETN.
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Figure 5.11. Color paterns of S. abaster 1% day juvenile

specimens born from pregnant males under reared

conditions in the present study. a, light brown; b, brown;
) ¢, dark brown; d, black.

e

""\ \ Ewova 5.11. Xpopatikd mpdtuone 1oV VEAPOV aTOUMV

\ (1™ nuépag) tov €idovg S. abaster, ta onoia yevwnOnkav

. ~ G€ EPYACTNPLOKES GUVONKEG OO APGEVIKOVS YEVVITOPES

2) b) | c) d kot ™ SudpKeln NG TAPOVCHS UEAETNG. @, OvoryTd
Kaé; b, kaeé; ¢, oxovpo kaes; d, padpo .

Table 5.6. Total length (TL, mm), total weight (TW, mm) and number of dorsal fin rays (NDFR)
according to the color of the 1% day juveniles of S. abaster species, born from eleven different
pregnant males under reared conditions in the present study (N, number of individuals; Mean, mean
value; Min, minimum value; Max, maximum value; St.Dev, standard deviation).

Hivakag 5.6. Olwcd pnkog (TL, mm), oAkd Bapog (TW, gr) kot apBudc aktivov tov payoiov
ntepuyiov (NDFR) og oyéon pe 10 ypodpo tov veapdv atdéuov (1™ nuépac) tov idovg S. abaster,
To. omoio. yevvnOnkav o©€ epyacTnPloKeéC GUVONKEG OmO £VIEKN OLOPOPETIKOVG OPCEVIKODS
YEVVITOPEG Katd TN dlapketa g mapovoag perétng (N, apBudg atopmv; Mean, péon tun; Min,
elbyto tun; Max, péyiot tun; St.Dev, tomikn andkiion).

Da_te of Color Mean Min Max St.dev
birth
TL 17.8 15.0 20.0 0.14
7/5/2012 N=2) W
(N=27)
NDFR 28 27 29 0.42
_ TL 184 17.0 20.0 0.10
Lightbrown 1y 0003 0002 0005  0.0006
14/5/2012 (N=48) NDFR 28 26 30 1.05
(N=49) TL 18.0 18.0 18.0
Dar(',‘\l'ji‘;""“ T™W 0.004 0004  0.004
NDFR 28 28 28
_ TL 19.7 17.0 22.0 0.17
L'ght_‘;m""“ TW 0004 0002 0005  0.0009
29/5/2012 (N=26) NDFR 28 26 29 0.63
(N=63) Dark brown TL 19.8 18.0 22.0 0.12
N=3) TW 0004 0002 0005  0.0009
NDFR 28 27 30 0.70
. TL 18.7 16.0 20.0 0.16
Lightbrown vy 0004 0001 0005  0.0009
(N=29) NDFR 27 25 29 0.89
TL 18.0 14.0 20.0 0.19
Zﬁ/}g%? Brown (N=21)  TW 0.003 0.001 0004  0.0010
(N=67) NDFR 27 26 28 0.71
TL 17.7 14.0 19.0 0.15
Darkbrown 1y 9003 0001 0005  0.0008
(N=17) NDFR 28 27 28 0.39
. TL 18.2 16.0 19.0 0.07
2(’3/:233})2 L'?{‘It:gge)e” T™W 0.003 0003 0004  0.0005
NDFR 28 27 29 0.65
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Light green TL 154 13.0 17.0 0.12
N-12) TW 0002 0002 0003  0.0005
NDFR 28 28 30 0.63
TL 15.6 14.0 18.0 0.12
7/6/2012 Dalr\lk_%rge“ TW 0002 0002 0003  0.0005
(N=48) (N=26) NDFR 28 27 30 0.78
TL 14.3 14.0 15.0 0.05
Black(N=8) ~ TW 0002 0002 0003  0.0005
NDFR 27 26 28 0.79
_ TL 151 13.0 16.0 0.10
L'?Nht_grze)e“ TW 0003 0001 0003  0.0006
8/6/2012 NDFR 28 26 30 1.05
(N=42) TL 14.9 13.0 16.0 0.09
Dalr\lk_%rge“ T™W 0.003 0.002 0.003  0.0005
(N=20) NDFR 28 27 29 0.67
. TC 174 16.0 19.0 0.08
L'gklt_blrz""” TW 0003 0002 0004  0.0007
(N=14) NDFR 26 25 28 0.76
TL 17.6 16.0 19.0 0.08
3(/;/:2271)2 Brown(N=22) TW 0003 0003 0004  0.0003
NDFR 27 25 28 0.69
TL 17.0 17.0 17.0
Black(N=1) ~ TW 0003 0003  0.003
NDFR 26 26 26
Lightorown T 18.0 16.0 19.0 0.08
N=1) TW 0003 0002 0004  0.0006
NDFR 29 27 30 0.93
TL 17.7 16.0 19.0 0.09
9(’;’3?91)2 Brown(N=19) TW 0003 0003 0003  0.0000
NDFR 28 27 30 0.77
Sarcbronn T 17.4 17.0 19.0 0.08
(N=7) TW 0003 0003 0003  0.0000
NDFR 28 25 29 1.50
Light TL 188 17.0 21.0 0.10
TW 0003 0003 0004  0.0005
brown(N=16) " \pFr 28 26 30 1.29
TL 19.0 17.0 20.0 0.09
1?’,('7;22%%2 brown(N=10) ~ TW 0004 0002 0005  0.0010
NDFR 28 26 29 0.88
barkbrown 1L 18.0 16.0 20.0 0.20
(N3) TW 0003 0002 0003  0.0006
NDFR 28 27 28 0.71
TL 176 16.0 19.0 0.11
Brown(N=23) TW 0003 0002 0004  0.0005
18/7/2012 NDFR 27 24 29 1.30
(N=39) barcbrown 1L 16.8 15.0 19.0 0.10
(N=16) TW 0003 0002 0004  0.0008
NDFR 27 25 29 1.20
. TL 25.7 24.0 28.0 0.10
'-'gNht_%ee” T™W 0.006 0.004 0.009  0.0011
3/6/2012 (N=46) NDFR 33 30 35 1.09
(N=78) Dark dreen TL 26.5 21.0 29.0 0.17
(N:%Z) TW 0007 0003 0009  0.0015
NDFR 33 30 35 1.41
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Table 5.7. Results of the non-parametric Kruskal- Wallis test (H) for the total length (TL, mm),
total weight (TW, mm) and the number of dorsal fin rays (NDFR) according to the color of the 1%
day juveniles of S. abaster species, born from eleven different pregnant males under reared
conditions in the present study (N, number of individuals; P-values, level of significance).
IMivoxkag 5.7. AtoteAéopata tov un-topouetpikod eréyyov katd Kruskal-Wallis (H) ya to olikd
pnkog (TL, mm), oAwo Bapoc (TW, gr) kot apBud aktivav tov paylaiov nrepuyiov (NDFR) og
oY£0M UE TO XPOUA TOV veapdv atdumv (1™ nuépag) tov €idovg S. abaster, ta omoio yevviOnkov
O€ EPYOOTNPLOKES GUVONKEG OO EVTEKD SLUPOPETIKOVG OPCEVIKOVS YEVVITOPEG KATA TN ddpKeLn
¢ mapovcog perémg (N, apBuds atopmv; P-values, eninedo onuaviikdmrog).

Birth H P-values

TL 0.135 >0.05
14/5/2012 TW 1297  >0.05
(N=49) NDFR 0.066 >0.05
26202 Ty om0
(N=63) NDFR 3.214 >0.05
TL 5.323 >0.05
2/6/2012 (N=67) T™W 3.914 >0.05
NDFR 14.223 <0.001
TL 9.036 <0.05
7/6/2012 (N=48) TW 0.191 >0.05
NDFR 7.024 <0.05
TL 0.841 >0.05
8/6/2012 (N=42) T™W 0.017 >0.05
NDFR 0.519 >0.05
TL 1.656 >0.05
3/7/2012 (N=37) T™W 0.268 >0.05
NDFR 0.709 >0.05
TL 2.998 >0.05
9/7/2012 (N=39) T™W 2.167 >0.05

NDFR
TL 1.238 >0.05
1?,/\17422%%2 T™W 3.243 >0.05
NDFR 3.321 >0.05
TL 4.638 <0.05

18/7/2012

(N=39) T™W 0.946 >0.05

NDFR 0.803 >0.05
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Kruskal- Wallis test: H= 9.036, p<0.05 Kruskal- Wallis test: H=4.638, p<0.05
20
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Figure 5.12. Box plots of the statistically important differences in the total length (TL, mm) and
number of dorsal fin rays (NDFR) according to the color of the 1% day juveniles of S. abaster
species, born under reared conditions in the present study (H, Value of Kruskal-Wallis non
parametric test; P, level of significance, the middle bold black line within each box corresponds to
the median, the points are outliers, the asterisks are extreme outliers and the T-bars that extend
from the boxes correspond to the standard deviation).

Ewoéva 5.12. OnKoypappoto TV 6TATIGTIKG GNUOVTIKOV S1apopdv Tov oikod unkog (TL, mm)
Kol Tov aplfuov TV aktivov tov paylaiov ttepuyiov (NDFR) og oyéon ue 10 ypdua T@V veopOv
atopmv (1™ nuépac) tov idovg S. abaster, ta onoio yevwnOnkay oe £pyactnplakés cuvOnKes Kot
™ ddpketo g mapovoag perétg (H, n tywn tov un- mapapetpikov teot Kruskal-Wallis; P,
eMimed0 ONUOVTIKOTNTOG, N Mecaia £vTovn Ypouun kabe ONKoypauuaTog aviiotolyel 6To d1dueco,
01 KOKAOL 6 0KPOiEG TIHES, Ol AOTEPIOKOL O €EAPETIKA OKPOiEG TYEG KoL Ol YPOUUEG CYNUATOG
«T» otV tomikn amdKAon Tov delyratog).
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5.3.1.3. Parentage analysis and genetic mating system of Syngnathus abaster species

The selected pregnant males (N=8), a subset of their offspring (N=249) and thirty
four wild individuals of Drepano population were successfully genotyped at each of the
four loci (Table 5.1 in Appendix). All loci were variable as the number of alleles per locus
varied from eighteen at S.abas3 (14 in WP) to forty four at S.abas9 (27 in WP) (Table 5.8).
The average expected heterozygosity over loci was 0.95 (ranging from 0.92 at S.abas3 to
0.96 at S.abas7 and 9) and the mean polymorphic information content (PIC) value was
0.93 (ranging from 0.90 at S.abas3 to 0.94 at S.abas7 and 9) (Table 5.8). The high values
of both indices revealed that these markers are highly informative for paternity estimation
(Botstein et al. 1980). Significant deviation from the Hardy-Weinberg equilibrium at a 0.05
a-level was not detected in any loci (Table 5.8), indicating that the presence of null alleles
was far too rare in the population to complicate mating system analysis.

Table 5.8. Genetic variability of S. abaster species in the population of Drepano at 4 microsatellite
loci used for parentage analysis as revealed by the allele frequency, heterozygosity values, Hardy-
Weinberg test and Polymorphic Information Content for each locus of the wild population
genotyped in the present study (NA, number of alleles found in offspring and wild population; *,
alleles found in offspring; Fa, allele frequency in the wild population; k number of alleles found in
the wild population; N, number of individuals genotyped per locus; H,, observed heterozygosity;
H., expected heterozygosity; PIC, polymorphic information content; HW, values of Hardy-
Weinberg test; Fy, null allele frequency; NS, non-significant).

IMivaxkag 5.8. I'evetikn mowihopopia tov £idovg S. abaster otov mAnbvopod tov Apendvov otovg 4
LIKPOSOPLOOPIKOVG TOTOVG OV ¥PNCILOTOMONKaY 6TOV EAeYY0 NG Untpotntac. To eminedo g
TOKIAOLOPPIOG TPOKVTTEL GO TNV CLYVOTNTO TOV OAANAOUOPPMV, TOV EAEYXO TNG LCOPPOTIOG
Hardy-Weinberg, 1o 8&iktn mTOADUOPPIGLOD TOV HKPOSOPVPOPIKOV TOTOV Kal £1epoluymTiog o
KéOe TOMO TOL Ayplov TANOLGUOD TOL €ldovg ot Tapovoo ueAéTn (NA, o aplBudg TV
aAANAOUOPO®V TOL Gyplov TANBvoUOL Kol TV omoyovev, *, aAAniopopeo amoyovev; Fa,
ovvoOTTAL TOV OAANAOpOpe®Y Tov dyplov mAnBuopov; K, o apBudc tov odinloudpemv Tov
dyprov mAnbvouov; N, apOuog atdpmv mov yevotuvmbnke avd tomo; H,, mopatnpoduevn
etepoluyotio;  He, avapevopevn etepolvymtio; PIC,  delktn  moAvpopeiopod  tov
pikpodopveopikdv tomwv; HW, tég tov eléyyov woppomiog Hardy-Weinberg; Fy, ocvyvotnta
UNOEVIKOV aAINAoudpe@v; NS, un oToTIoTIKG oNUaVTIKD).

Wild population

Locus NA Allele Fa K N H, He PIC HW Fy

166*

174*

178* 0.04
182* 0.04
186* 0.06
190* 0.10
194* 0.12
198* 0.12
202* 0.16

S.abas3 18 206+ 0.10 14 25 1.00 0.92 0.90 NS -0.05

210* 0.08
214*

218* 0.08
222* 0.04
226 0.02
234* 0.02
238*

242* 0.02
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193*

197*
209*
217 0.02
221%* 0.03
225* 0.05
229* 0.05
237* 0.06
241* 0.06
245* 0.09
249%* 0.05
253* 0.09
257* 0.12
261* 0.05

S.abas4 29 265* 0.06 23 33 0.97 0.95 0.93 NS -0.02
269* 0.08
273* 0.02
277* 0.02
281* 0.02
285* 0.02
289*
293* 0.03
297* 0.03
301 0.02
305* 0.05
309 0.02
317 0.02
345*
361*
206* 0.01
210 0.01
214*
218* 0.01
222 0.01
226* 0.04
230* 0.09
234* 0.06
238* 0.04
242* 0.03
246> 0.06
250* 0.06
254* 0.07

S.abas7 25 25g* 0.12 24 34 097 0.96 0.94 NS -0.01
262* 0.06
266* 0.03
270* 0.06
274* 0.04
278* 0.04
282*
286> 0.03
290* 0.03
294* 0.01
298* 0.03
302* 0.01
346 0.01
192*
200*
204*

S.abas9 34 208*% 27 26 0.96 0.96 0.94 NS -0.01
212* 0.02
216* 0.04
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220* 0.02

224 0.04
228* 0.02
232* 0.02
236* 0.02
240* 0.02

252 0.02

264 0.02

268 0.02

336 0.02
340* 0.02

352 0.02
360*

364 0.04
372*

376* 0.06
380* 0.06
384* 0.08
388* 0.12
392* 0.10
396* 0.08
400* 0.04
404* 0.04
408* 0.02

412 0.04
416* 0.02
420* 0.02
424*

Colony software assigned all embryos to their known father without mismatches.
Thus, there is complete confidence of paternity of the broods for each S. abaster male. In
total, according to the reconstruction of maternal genotypes at least twenty eight females
contributed to the broods of pregnant males (Table 5.2 in Appendix), none of which was
caught during sampling. As males mated in the wild and the genotype of the candidate
mothers was reconstructed the software cannot distinguish whether offspring were sired by
one mother or multiple with the same combination of alleles. Given that in each locus the
levels of PIC and expected heterozygosity were high, the possibility of two or more
individuals sharing the exact same combination of alleles in all four loci is very small,
though not impossible. Therefore, this is the minimum number of expected mothers. The
high possibility of i) correct reconstruction of the maternal genotype (75%) (Table 5.2 in
Appendix) and ii) assignment of offspring genotype to these mothers (94%), indicate that
the minimum number of potential mothers was probably correct.

Each male received eggs from more than one female. The mean number of
successful mates per male was 4.25 (St.Dev=1.39) ranging from 3 to 6 mates (Table 5.9).
Within each brood, the number of offspring sired by each mother varied from one (mothers
ID: #8, #3, #20, #21, 13#) to twenty four (mother ID: #1) (Table 5.9). Besides multiple
mating, the occurrence of different males’ offspring with identical mother genotypes
(mothers ID: #3, #13, #16, #17, #21) was observed (Table 5.9). Mothers with ID #3, #16,
#17 and #21 sired juveniles in two broods while mother #13 sired embryos in three broods
(Table 5.3).
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Table 5.9. Description of the mating system of the eight pregnant males of S. abaster species that gave birth
under laboratory conditions and were used for parentage analysis in the present study. The number of
possible female donors and the number of their sired juveniles was estimated by the Colony software.

Mivakag 5.9. Tleptypaen TO0L AVOTAPAY®YIKOD GUGTHLOTOS TOV 0XTO KVOPOPOHVIMV OPGEVIKAOV ATOLMY TOV
gidovg S. abaster, ta omoia yévwnoav og gpyaotnplokés cuvOniKeg Kot ypnoomowdnKay oty ovaivon
pntpottag. O apBpog tov mbavadv ONALVKOY YevwnTOp®V Kol TOV onoyOVmV TOVG VTOAOYIGTNKE 0T TO

npdypapupo Colony.

Date of Father Nuronfber Genotyped  Possible  Mother %?g?rgedr Shared rSnr:)iLi?'
birth ID . . juveniles  mothers ID . . mothers
juveniles juveniles ID

#4 9
#5 10

14/5/2012 G14 49 33 5 #6 10 0
#7
#8

#1
29/5/2012 G15 63 32 3 #2

#3 #3

#10
#11
#12
#13
#14
#9

2/6/2012 G16 67 31 6 #13

#15
7/6/2012 G8 48 33 3 #16
#17

1 #16
#17

#16
#17

#16
#17
8/6/2012 G9 42 31 5 #18
#19
#20

#21
3/7/2012 G2 37 31 3 #22
#23

#21

#13
#21

#13
#21
#24
#25
#26

#3

9/7/2012 G4 39 31 6

#3

#13 #13
13/7/2012 G10 29 27 3 #27

#28

[ e [ [ (I N
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Among the sired juveniles statistically important differences were recorded in their
total length (Kruskal- Wallis test: H= 132.584, p<0.001) and the number of dorsal fin rays
(Kruskal- Wallis test: H= 78.425, p<0.001). More specifically, concerning the total length,
five subgroups were found. Offspring sired from mother #15 were the shortest while those
from mothers #11 and #28 were the longest. The rest of the mothers sired intermediate
sized offspring (Figure 5.13). Mother #22 sired juveniles with the least dorsal fin rays
while mothers #20 and #26 with the most. Three intermediate subgroups were recorded
(Figure 5.13.).

Kruskal- Wallis test: H= 132.584, p<0.001

-EQB;’&H SEREY

Total Length, mm
(¢}

Kruskal- Wallis test: H= 78.425, p<0.001

SLETLI TR PRRSTES AT S

304

204
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Mother ID

Figure 5.14. Boxplots of the total length (TL, mm) and the number of dorsal fin rays of the sired 1%
day juveniles of S. abaster species from 28 mothers of in the present study (H, Value of Kruskal-
Wallis non parametric test; P, level of significance, the middle bold black line within each box
corresponds to the median, the points are outliers, the asterisks are extreme outliers and the T-bars
that extend from the boxes correspond to the standard deviation).

Ewova 5.14. Onoypdupote Tov OAKOU UAKOVG Kol TOL 0plfioy TeV poyloimv oKTiveov Tov
amoyovev tov 28 Onlukdv yevwntopwv tov gidovg S. abaster katd tn Sidpkeln TN TOPOVOOS
uerétng (H, n tiunq tov un- mapapetpikod teot Kruskal-Wallis; P, eminedo onuavtikdttag, M
pecaio £vrovn ypoauun Kabs Onioypdppoatog avtiotol el 6to Jdpeco, ol KUKAOL GE OKPOieg TYUECS,
01 0oTepiokol o€ e&aIPeTIKG aKpoieg TIHEG KOl OL YPOUUEG OYNHOTOG «T» oTNV TLUTIKY ATOKALGT] TOV
delyparog).
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5.3.2. Syngnathus typhle species

Three pregnant males of S. typhle species gave birth under reared conditions during
the present study. They exhibited a mean total length of 169 mm (ranging from 150 to 181
mm), a mean total weight of 1.025 gr (ranging from 0.866 to 1.184 gr) and a mean number
of 34 dorsal fin rays (ranging from 33 to 34) (Table 5.10).

5.3.2.1. Notes on male pregnancy and parturition of Syngnathus typhle species

Pregnant males spent most of their time swimming near the surface of the
aquarium, staying in a vertical posture or lying in the upper parts of the artificial
vegetation. Males’ mobility and brood pouch complexion and texture followed the general
pattern observed in S. abaster species. In particular, mobility of males decreased as
pregnancy went along. At the same time, the brood pouch softened, got darker and bigger
(Figure 5.14a-c). However, the marsupium of S. typhle males was less transparent
compared to S. abaster. When the embryonic development was completed, fully formed
juveniles were ready to be released.

Two of the pregnant males gave birth during the night or in the early morning and
one during the day exhibiting a vertical posture. The labor was characterized by strong
contractions as indicated by the sharp bents and twists of the body. The first juvenile was
released from a fissure created either in the upper, middle or lower end of the marsupium.
The fissure expanded in a “zipper” pattern downwards, in both directions or upwards
respectively and similarly to S. abaster there was never more than one. As the fissure
unraveled the pouch, the pseudo-placenta was also detached, protruding from the body
(Figure 5.14d).

Fully formed juveniles, resembling adult individuals, were released from the
marsupium sporadically. Between the releases, up to half hour intervals were recorded.
Similarly to S. abaster, the majority of the offspring were released in one big or two
smaller batches, leaving the pouch with the tail or the head following no particular pattern.
During the intervals of successive batches, the pregnant male stayed still, probably resting.
However, during feeding time it exhibited increased mobility, similar to the levels of early
pregnancy stages. At the end of the parturition, along with the last juveniles the pseudo-
placenta tissue was also fully detached from the body and discarded to the bottom of the
aquarium.

Newborn juveniles of S. typhle species exhibited a vertical swim-up behavior near
the surface of the aquarium (Figure 5.15). Their presence near the bottom was sparse and
rare. Newborns were actively preyed by their own father —phenomenon of filial
cannibalism- even though adult males were fed tactically.
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Table 5.10. Total length (TL, mm), total weight (TW, mm) and number of dorsal fin rays (NDFR)
of 1% day juvenile specimens of S. typhle species that gave birth under reared conditions in the
present study.

Hivexog 5.10. Olkd pnxog (TL, mm), ohkd Bapog (TW, gr) kot aptBpdg axtivov tov poyleiov
ntepvyiov (NDFR) tov xvogopodviov apoevikdv tov gidovg S. typhle, ta omoia yévvnoav ce
EPYOOTNPLOKES GLVONKES KATA T SLAPKELN TNG TOAPOVGOS LEAETNG.

Parturition Date Coloration TL TW NDFR MeanTL MeanTW Mean NDFR

6/5/2012 green 181
11/5/2012 dark green 150 0.866 33
3/6/2012 green 176 1.184 34 169 1.025 34

Figure 5.14 Visible changes in the complexion and the texture of the brood pouch as recorded in S.
typhle pregnant males in the present study: a) the pouch is stiff and it color resembles the rest of the
body, b) the pouch becomes less stiff and start to form a black line in the middle, ¢) the marsupium
has a dark complexion, has grown in size and is soft, d) the first juveniles are released from a
fissure in the lower end of the marsupium. The pseudo-placenta (depicted with the black arrow)
detaches along with the embryos as the fissure moves upwards.

Ewova 5.14. Alloyég ommv ven Kol OGNV EUEAVIOT] TOL EUPPLIKOD GAKOL OPCEVIKMOV
KDOQOPOVLVIMV ATOU®V TNG TAPOVGAG HEAETNG: @) 0 GAKOG vl GKANPOG KAl TO PO TOV 1010 pe
10 volowo oodpa, b) n Ve Tov chkov yivetar mo paiokn ko Eekva va oynuotiCeTal podpn
YPOUUN OTN KEVIPIKN TEPLOYN, C) O GAKOG EIVOL HAANKOG KOl GKOVPOXPMOMIOG, EVD EXEL LEYOADOEL
kot o péyebog, d) ta mpmdTo veapd dtopa Exovv erevdepmbei amd To dvorypo 6to KATm Gikpo TOL
péapourov. O mhakobvtog (onuaiveTor pe povpo PELOG) amoKOAAATOL Kol TPOEEEYEL OO TO HAPCLTO
KkaBdg ehevbepdvovtar ot andyovor.
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Figure 5.15 Vertical distribution of S. typhle (near the
surface of the aquarium) 1% day juveniles acquired right
after abandoning the marsupium. A varying coloration
pattern is obvious. The juveniles were born under reared
conditions in the present study.

Ewova 5.15. Koatovounn otn otiAn tov vepod TOL
gvudpeion tov veapdv atopov (1™ nuépag) tov gidovg S.
typhle (xovtd otnv empaveia tov gvudpeiov). Ot andyovol
yevvinOnkav ce epyaotnplakég cuvOnkeg Katd TN didpKeLd
NG TaPoVCOG MEAETNG Kal Elval ELPAVEG TO JLOPOPETIKO
YPOUATIKO TPOTLTO.

5.3.2.2. 1* day juveniles of Syngnathus typhle species

During the present study, three pregnant males gave birth under laboratory
conditions releasing 128 juveniles (average number of 43 juveniles per male). The total
length and total weight of the males were not correlated with the number of released
newborns (Spearman's rho test: r=0.500, p>0.05 and r=0.487, p>0.05 respectively). The
total length, total weight and number of dorsal fin rays of the 1% day juveniles ranged from
21.0 to 30.0 mm (Mean TL= 26.2 mm), 0.003 to 0.010 gr (mean TW= 0.007 gr) and 30 to
35 (mean NDFR= 33) respectively (Table 5.11).

Table 5.11. Total length (TL, mm), total weight (TW, mm) and number of dorsal fin rays (NDFR)
of S. typhle 1% day juvenile specimens born under reared conditions in the present study (N, number
of individuals; Mean, mean value; Min, minimum value; Max, maximum value; St.Dev, standard
deviation).

Mivakag 5.11.0Ak6 pnkog (TL, mm), oAwd Bapog (TW, gr) kot apiBudg axtivev tov poytoiov
ntepuyiov (NDFR) tov veapdv atdumv (1™ nuépag) tov gidovg S. typhle, ta omoia yevvidnkav oe
EPYOOTNPLOKES cLVONKeg kaTd TN Sudpkela g mapovoag puerétng (N, apBuog atopmv; Mean,
uéon tiun; Min, eddyrot tun; Max, péyiotn tun; St.Dev, tomikn andkiion).

Species Mean Min Max St. Dev
s wo TL 26.2 21.0 30.0 0.16
- YPne W 0.007 0.003 0.010 0.0016
(N = 128)
NDFR 33 30 35 1.07
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Statistical important differences were recorded in the total length and the total
weight among S. typhle 1* day juveniles (Figure 5.17, Table 5.12). In particular, juveniles
born in 11/5/2012 were the longest and heaviest. Total length and total weight covaried
(Spearman's correlation coefficient: r=0.735, p<0.001), similarly to S. abaster juveniles.
The number of dorsal fin rays did not differ between the juveniles of S. typhle species
(Figure 5.16, Table 5.12).

Within each birth, most offspring were of the same length and weight and had the
same number of dorsal fin rays (Figure 5.17), while their coloration varied from a light
shade (light green or brown) to a darker (dark green or brown) or even black in a similar
pattern as S. abaster juveniles. However, data on the exact body color of S. typhle juveniles
were only recorded for those born in 3/6/2012. Therefore, comparison between the
offspring of the three pregnant males was not possible. However, among the juveniles born
in 3/6/2012 the dark-colored were longer and heavier (Figure 5.18).

Table 5.12. Total length (TL, mm), total weight (TW, mm) and number of dorsal fin rays (NDFR)
among S. typhle 1* day juvenile specimens born from three different pregnant males under reared
conditions in the present study (N, number of individuals; Mean, mean value; Min, minimum
value; Max, maximum value; St.Dev, standard deviation).

Mivakog 5.12. Olk6 pnkog (TL, mm), ohkd Bapog (TW, gr) kot aptBudc aktivov tov poyloiov
ntepuyiov (NDFR) tov veapdv atdpmv (1™ nuépag) tov gidovg S. typhle, ta omoia yevvidnkav oe
EPYOOTNPLOKEG GUVONKEG OO TPELS SLUPOPETIKOVG OPGEVIKOVG YEVVITOPEG KOTO T OIUPKELN TNG
napovcag puerétmg (N, apbpog atdpwv; Mean, péon tun; Min, eldyiotn tun; Max, péytom tuy;
St.Dev, tumikn amdkiion).

Date of birth Mean Min Max St.Dev
TL 24.3 23.0 28.0 0.11
6/5/2012 (N=17) T™w
NDFR
TL 27.5 26.0 30.0 0.10
11/5/2012 (N=33) TW 0.009 0.007 0.010 0.0008
NDFR 32 32 34 0.57
TL 26.0 21.0 29.0 0.14
3/6/2012 (N=78) T™W 0.006 0.003 0.009 0.0013
NDFR 33 30 35 1.22
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Kruskal- Wallis test: 48.459, p<0.001 Kruskal- Wallis test: H=49.804, p<0.001
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Figure 5.16. Box plots of the total length (TL, mm), total weight (TW, mm) and the number of
dorsal fin rays (NDFR) among S. typhle 1% day juvenile specimens born from three different
pregnant males under reared conditions in the present study (H, Value of Kruskal-Wallis non
parametric test; P, level of significance, the middle bold black line within each box corresponds to
the median, the points are outliers, the asterisks are extreme outliers and the T-bars that extend
from the boxes correspond to the standard deviation).

Ewova 5.16. Onkoypdupoto tov oikov unkog (TL, mm), oiukod PBapovg (TW, gr) kot tov
ap1Bpov tov aktivov tov poyleiov wtepvyiov (NDFR) peta&d tov veapdv atopmv (1™ nuépac)
Tov €idovg S. typhle, ta onoia yevviOnkav og gpyaotnplokés cuvONKeg amd TPEic SLPOPETIKONG
OPOEVIKOVG YEVWNTOPES KTA TN S1dpKela TG Tapovcag perétng (H, n tiun tov pun- Topapetpikon
teot Kruskal-Wallis; P, eninedo onuavtikétrag, n peoaio Evrovn ypauun kébe dnkoypaupotog
VTIoTOKEL 0TO SLANEGO, O1 KOKAOL G aKpaieg TIHES, Ol 0oTEPIoKOL 68 e&0PETIKE aKpaieg TYHEG Kot
o1 YpappéG oynuatog «T» oty tomikn amodKiion Tov delyIatog).
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Figure 5.17. Total length, total weight and number of dorsal fin rays (NDFR) distribution of 1% day
offspring of S. typhle species born under reared conditions in the present study.

Ewova 5.17. Katavopr] olkolh punkovg, oAtkod Papovg kot aptBpod Tev akTiveov Tov poyloiov
TtePLYioL TOV veoyévwntov amoyovev (1™ nuépag) tov gidoug S. typhle, ta onoio yevwnOnkay vid
EPYOOTNPLOKEG GUVONKEC KATE TN TapoHOO, LEAETN.
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Kruskal- Wallis test: H= 6.459, p<0.05
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Figure 5.18. Box plots of the statistically important differences in the total length (TL, mm) and
number of dorsal fin rays (NDFR) according to the color of the 1% day juveniles of S. typhle
species, born from three different pregnant males under reared conditions in the present study (H,
Value of Kruskal-Wallis non parametric test; P, level of significance, the middle bold black line
within each box corresponds to the median, the points are outliers, the asterisks are extreme outliers
and the T-bars that extend from the boxes correspond to the standard deviation).

Ewoéva, 5.18. Onkoypappuoto TV 6TATIGTIKG ONUOVTIKOV S1apopdv Tov oikod unkog (TL, mm)
Kol Tov aplfpov TV aktivov Tov paylaiov ttepuyiov (NDFR) oe oyéon ue 10 ypdua TV VEAPDOV
atopmv (1™ nuépag) Tov eidoug S. typhle, ta omoia yevwnnkav og gpyactnplokés cuvOnikeg omd
TPEIC OAPOPETIKODE OPGEVIKOVE YEVVITOPEG KATA TN O1dpKeLn, TN mopovcsag peiétng (H, n tywuq
tov un- mapapetpikod teot Kruskal-Wallis; P, eninedo onuavtikdtntag,  pecaio Eviovn ypouun
KéOe OnroypdupoToc avtioToryel 010 OLANESO, Ol KUKAOL GE Ookpoieg TYEG, Ol 0OTEPIOKOL GE
eEQPETIKA OKPaieC TIEC Kot O1 YPUUUEC oYNUaTOC «T» GTNV TUTIKN ATOKALGT TOL SEIYUATOG).
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5.3.2.3. Parentage analysis and genetic mating system of Syngnathus typhle species

The three pregnant males, a subset of their offspring (N=78) and eighteen
individuals of the wild population (WP) were successfully genotyped at each of the four
loci (Table 5.3 in Appendix). All loci were variable, as the number of alleles per locus
varied from eighteen at S.abas9 (14 at WP) to twenty one at S.abas4 and 7 (16 and 20 at
WP respectively) (Table 5.13). The average expected heterozygosity over loci was 0.95
(ranging from 0.93 at S.abas4 to 0.95 at S.abas3, 7 and 9) and the mean polymorphic
information content (PIC) value was 0.91 (ranging from 0.90 at S.abas4 to 0.92 at
S.abas4). The high values of both indices revealed that these markers are highly
informative for paternity estimation (Botstein et al. 1980). Significant deviation from HWE
at a 0.05 a-level was not detected in any loci (Table 5.4). The presence of null alleles was
detected at S.abas3, but they were rare at the other three loci. Their occasional presence
would not change the results because most individuals were heterozygous for the
genotyped alleles as revealed by PIC and expected heterozygosity values.

Table 5.13 Genetic variability of S. typhle Drepano population at 4 microsatellite loci used for parentage
analysis as revealed by the allele frequency, heterozygosity values, Hardy-Weinberg test and polymorphic
information content for each locus of the wild population genotyped in the present study (NA, number of
alleles found in offspring and wild population; *, alleles found in offspring; F4, allele frequency in the wild
population; k number of alleles found in the wild population; N, number of individuals genotyped per locus;
H,, observed heterozygosity; H., expected heterozygosity; PIC, polymorphic information content; HW,
values of Hardy-Weinberg test; Fy, null allele frequency; NS, non-significant ).

Mivakog 5.13. T'svetkny mowkilopoppio tov €idovg S. typhle otov mAnbvopd tov Aperdvov otovg 4
HIKPOSOPLOOPIKOVG TOTOVG TOL  yproomomdnkoy otov €leyyo g matpotntog. To emimedo g
TOKIAOHOPQIOG TPOKOTTEL Amd TNV GLYVOTNTO TOV OAANAOUOPO®V, Tov éAeyyo g lcoppomiog Hardy-
Weinberg, tov d&iktn TOALOPPIGHOD TOV HKPOSOPVPOPIK®Y TOTWV Kot etepoluymtiag o kKGbe TOTO TOV
ayprov mAnBvopod tov €idovg ot Tapovcso peAET (NA, o aplBudg TOV OAANAOUOPE®V TOV Ayplov
TNV LHOD KOl TOV amoyOveV, *, oAMNAOLOPPa 0moYOV@V; Fa, cUXvOTNTO TOV GAANAOLOPO®Y TOL GypPlOv
mAnbvopov; K, o apBudc tov odniopdpemv tov dyplov Anbvcpov; N, apldpdg atdopumy mov yevoTumnOnke
ava tomo; Hy, mapatnpovuevn etepolvymtia; He, avapevouevn etepoluyomrtia; PIC, deiktn moAvpopeiopon
TOV pKpodopveopikdv tomev; HW, tywéc tov eléyyov wcoppomiog Hardy-Weinberg; Fy ovyvomra
undevikmv oAniopdpemv; NS, un ototiotikd onpavtiko).

Wild population

Locus NA Allele Fa k N H, H. PIC HW Fx
178* 0.03
186* 0.03
198* 0.07
202*
206* 0.03
210*
214* 0.07
218* 0.07
S.abas3 19 999% 0.13 16 15 0.67 0.95 092 NS 0.16
226* 0.03
230*
234* 0.10
238* 0.07
242* 0.07
246* 0.03
254* 0.03
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258* 0.10
262* 0.10
294* 0.03
193*

197* 0.03
205* 0.03
209*

213* 0.06
217* 0.06
221* 0.03
225* 0.08
229* 0.19
233* 0.11

S.abas4 21 237* 0.11 16 18 0.94 093 090 NS -0.02

241*

245*

249* 0.08
253* 0.08
257* 0.03
273*

279* 0.03
345* 0.03
437* 0.03
497* 0.03
198* 0.03
210* 0.03
218* 0.03
222* 0.06
226> 0.03
230* 0.03
234> 0.11
238* 0.03
242* 0.03
246> 0.08

S.abas7 21 250* 0.08 20 18 100000 095 092 NS -0.04

254> 0.08
258* 0.14
262* 0.08
266>
270* 0.03
278* 0.03
286> 0.03
302* 0.03
454* 0.03
498* 0.03
192*
196* 0.08
200* 0.12
204> 0.04
208*

S.abas9 18 212* 0.04 14 13 0.92 095 091 NS 0.00
216> 0.08
220*

224* 0.12
228* 0.08
232* 0.08
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236*
240*
244*
248>
256>
268*
272*

0.08
0.04
0.04
0.08
0.12
0.04
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Colony software assigned all embryos to their known father without any
mismatches. Thus, there is complete confidence of paternity of the broods in each S. typhle
male, similarly to S. abaster. In total, at least 7 females contributed to the broods of
pregnant males (Table 5.4 in Appendix). Similarly to S. abaster, this is the minimum
number of expected female donors. Two of the three males received eggs from multiple
females while one male received eggs only from one. The mean number of successful
mates per male was 2.33 (St.Dev=1.15) ranging from one to three mates (Table 5.14).
Within each birth, the number of offspring sired by mothers varied from one (mothers ID:
#5) to twenty nine (mother ID: #7) (Table 5.14). Contrary to S. abaster species, no sign of
females multiple mating was noted since no offspring of different males with identical
mother genotypes were found (Table 5.14).

Table 5.14. Description of the mating system of the three pregnant males of S. typhle species that
gave birth under laboratory conditions and were used for parentage analysis in the present study.
The number of possible female donors and the number of their sired juveniles was estimated by the
Colony software.

Hivakag 5.14. Ileptypagn Tov ovamopoy®YIKod CUGTHHOTOS TOV TPUBV KLOPOPOUHVIMOV UPGEVIKMDV
atopewv  tov €idovg S. typhle, to omoio yévvnoav oe gpyaotnplokés ouvonkeg  kat
ypnooromonkay oty avaivorn untpoémrog. O apBudc tov mlavoy INAVKOY YevvnTop®mv Kot
TOV amoyOvVeOVY TOLG VTOAOYIoTNKE 0o To TPoypoppe Colony.

Number Number of

Da_te of Father of G_enotyped Possible Mother sired Shared
birth ID . . juveniles mothers ID . : mothers
juvenile juveniles
#4 6
6/5/2012 G13 19 19 3 #5 3 0
#6 10
11/5/2012 G6 39 29 1 #7 29 0
#1 10
3/6/2012 G5 78 29 3 #2 13 0
#3 6

The effect of the different mothers on the total length and number of dorsal fin rays
of their offspring was not estimated as the pairing of the genotyped offspring and the
original data set was not possible.
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5.3.3. Morphometric and meristic analysis comparison between 1% day juveniles of
Syngnathus typhle and Syngnathus abaster species

Total Length, mm

Total Weight, gr

Number of dorsal fin rays

In overall, S. typhle juveniles were statistically longer, heavier and had more dorsal
fin rays than S. abaster (Figure 5.20).
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Figure 5.19. Box plot of the total
length (TL, mm), total weight (TW,
gr) and number of dorsal fin rays of
S. abaster and S. typhle 1% day
juvenile specimens born under
reared conditions in the present
study (H, Value of Kruskal-Wallis
non parametric test; P, level of
significance, the middle bold black
line within each box corresponds to
the median, the points are outliers
and the T-bars that extend from the
boxes correspond to the standard
deviation).

Ewova 5.19. Onxodypoppo tov
olkov pnkog (TL, mm), olucod
Bapovg (TW, gr) kot tov apiBuov
TOV  OoKTivov  ToL  payloiov
nTEPLYiOL TV veapdv atdumv (1™
nuépag) Tmv edmv S. abaster kot S.
typhle, to omoia yevvhOnkav og
gPYOOTNPOKEG cLVONKEG Katd T
duapkela g Tapovcag perémg (H,
N TWH TOV UN- TOPOUETPIKOV TEGT
Kruskal-Wallis; P, eminedo
ONUOVTIKOTNTAG, N Heoain €viovn
ypopun  kdbe  Onxoypdupotog
OVTIGTOU(EL GTO JAUESO, Ol KUKAOL
0€ OKPOieg TIUEG KOl Ol YPOUMES
oynuotog  «T» oty  TumKN
amOKAON TOL delYUATOC).
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Table 5.15. Descriptive information on the individuals that were used in the morphometric
comparison between 1% day juveniles of S. abaster and S. typhle species born under reared
conditions from different males during the present study (&, number of individuals).

Hivaxag 5.15. Ileprypoeikd otoyeio tov atdOpumv TOvL XPNOLUOTOMONKAV GTN HOPPOUETPIKN
obykplon tov veapdv atépov (1™ nuépag) tov edodv S. abaster kor S. typhle, to omoia
vevvnnkov oe gpyaotnplokés cuvlnkeg katd  Oowipkela G mapovoag peAétng (N, apBuodg
ATOU®V).

Species Date of birth N
14/5/2012 39

29/5/2012 56

2/6/2012 55

?Na:g‘?;sg)er 70612012 39
3/7/2012 32
9/7/2012 34
13/7/2012 23
S. typhle 11/5/2012 32
(N=92) 3/6/2012 60

A subset of 1% day juveniles of S. abaster (n=278) and S. typhle (n=92) species
were examined morphometricaly (Table 5.15).

The PCA extracted 26 components (Table 5.7 in Appendix). The first PC (PC I)
accounts for 64.1% of total variance and is characterized by shape changes of snout, main
body and caudal fin (elongation) as well as trunk (shortening) along the x- axis. The
second PC (PC II) accounts for 16.4 % of total variance and depicts the corresponding
body changes along the y-axis. The rest of the PCs explain 19.5% of the total variance and
describe aspects of intraspecific shape variation (Table 4.5 in Appendix). The PC scores
were used as variables in the Linear Discriminant Analysis (LDA) to assess interspecies
differences among newborn individuals of S. abaster and S. typhle species.

The structure of between-species shape variation was assessed by Linear
Discriminant Analysis (LDA) of partial warps and uniform components. One Linear
Function (LF 1) was extracted (Mahalanobis distance= 14.99, p<0.001). Species pair
difference (in both Procrustes and Mahalanobis scale) was significant under permutation
tests (p < 0.0001). The cross-validation test (leave-one-out method) from LDA correctly
classified all cases (100%) proving that the two species were completely separated (Table
5.16).

Therefore, LDA showed a considerable difference among the 1% day juveniles of
the two species, defining two non-overlapping groups: i) S. typhle species and ii) S. abaster
species. The shape changes associated with the LF axis showed that S. typhle specimens
had more elongated snout, elongated and thinner main body, whereas their trunk was
shorter compared to S. abaster (Figure 5.20).
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Table 5.16. Classification results for the cross-validation procedure of S. abaster and S. typhle 1
day juvenile specimens born under reared conditions in the present study, using principal
components of shape scores as variables in a linear discriminant analysis.

Mivakog 5.16. Enavatonofétmon tov veapdv atopmv (1™ nuépag) tov eddv S. abaster kot S.
typhle, ta omoia yevwnnkov og gpyactnplakés cuvOnkeg KaTd T ddpKeLn TG TaPoDoag LEAETNG,
Baoet g drywproTikig avaAvonc.

Species Predicted group membership
S. abaster S. typhle Total

Count

S. abaster 92 0 92
S. typhle 0 278 278
Percent %

S. abaster 100.0 0.0

S. tyhle 0.0 100.0

- S. typhle
Figure 5.20. Observed shape changes associated with scores along the Linear Discriminant

Analysis axis of S. abaster and S. typhle 1* day juvenile specimens born under reared conditions in
the present study The wireframes depict icons for deviations (dark blue line) from the
corresponding mean shape for juvenile individuals of Syngnathus species (light blue line).

Ewova 5.20. TTapatnpodpevn aAlayn TOL GYNUATOG TOV COUOTOS HE BAcT TIC TIWES TOV dEova TNG
Cpoppkig Atayoptotikig Availvong tov veapdv atopmv (1™ nuépag) tov sidodv S. abaster kot S.
typhle, ta omoia yevwnbnkov oe gpyactnplakés cuvOnKeg KoTd T SidpKela TG TopoHoag LEAETNC.
To mhéypa ameikovilel v amdKAon (CKOLPA UTAE YPOUUN) OO TO YO OVAPOPAS TOV VEAPDV
atop®V TV 8600 €160V TOoL Yévoug Syngnathus (avouyt) prie ypouun).
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5.4. DISCUSSION
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5.4.1. Male pregnancy and parturition

The present chapter described for the first time the male pregnancy and parturition
process of S. abaster and S. typhle species. Even though both species are characterized by
an “inverted” brood pouch, differences and similarities in the procedures were found.

During pregnancy the brood pouch of the two species changes both in color and
texture. From a stiff structure with similar color to the rest of the body in the beginning of
the pregnancy, it became dark colored and soft before parturition. These differences in the
external morphology of the pouch are attributed to the occurring embryonic and larval
developmental stages. The pouch of the two species is semi-transparent; more transparent
in S. abaster and less in S. typhle. In the beginning of the pregnancy the transparent or
light-yellow inseminated eggs of both species (Kornienko 2001, Silva et al. 2006a) have no
impact on the color of the pouch. In S. abaster embryos the first pigmented cells appear in
the head region within the first week of the development and afterwards are found in the
antero-posterior embryonic axis (Silva et al. 2006a). As the pigmentation of the embryos
evolves, it has a visible effect on the color of the pouch. Towards the end of the gestation
the larvae are almost fully formed and ready to be released. This means that their body
pigmentation is complete too, causing the dark color of the pouch.

Besides the color, the texture and the size of the pouch also changes along the
pregnancy. As already mentioned the pouch of pipefish composes of fleshy bilateral folds
that meet on the ventral midline of the pouch and enclose the eggs (Herald 1959; Wilson et
al. 2001; Silva et al. 2006). After transfer, eggs are surrounded by an epithelium rich in
blood vessels, which provides nutrition by osmosis until the yolk sack of the larvae is
absorbed; pseudo-placenta (Carcupino et al. 1997; 2002). Apart from the epithelium, the
connective tissue layer of the pouch that supports the pseudo-placenta expands and
becomes porous (Theverin 1936 according to Kornienko 2001). In the late stages of larva
development (when the larva develop to juveniles ready to be released), this structure
gradually shrinks and the folds of the marsupium must unravel to release the offspring.

In the beginning of the pregnancy, the eggs and the pseudo-placenta thicken the
marsupium. As pregnancy proceeds, the embryos hatch and the thick layers of the eggs are
dismissed. The development of fully formed embryos and the shrinking of the placenta
make the folds of the pouch softer, enabling the formation of a fissure from which the
embryos will be released. The change in size of the pouch is due to the expansion of the
assortative connective tissue. Observations on seahorses showed a similar pattern
(Lockwood 1867, according to Kornienko 2001): “After spawning the pouch walls thicken
and turn porous, whereas after the fries are “born” the pouch is flabby and hangs like a
thin membrane”. Therefore, developmental stages and structural changes occurring into the
pouch have direct impact on its external morphology, visible even in the semi-transparent
marsupium of S. abaster and S. typhle.
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The pouch of the species of the genus Syngnathus varies from transparent (Paczolt
and Jones 2010) to semi-transparent (Jones et al. 2010). In species with transparent
marsupium such as the gulf pipefish developmental stages are easily distinguished with
observation of the pouch i.e. Syngnathus scoveli species. In S. abaster and S. typhle direct
observation of the stages through the pouch is not so easy (especially in S. typhle).
However, the texture, the size and the color of the marsupium could be a good indicator. A
stiff and similar to the body colored pouch is an indication of early developmental stages,
most possible within the first two weeks. A moderately stiff pouch with a small deviation
from body color is a sign of mid-pregnancy stage. The more expanded, black colored and
soft the pouch gets, the more far along the pregnancy is and the time of parturition gets
closer. Such an empirical estimation of the embryonic and development stages could be
helpful in reproductive biology field studies. By observation and without sacrificing the
fish, the researcher acquires on the spot an overview of an individual’s —and even a whole
population’s- reproductive period timeframe.

The process of parturition and especially the contractions must be very stressful and
painful for both species as indicated by the bending and twisting moves of the body.
During the contractions, S. typhle males retained their pelagic position. In the same period-
contrary to our expectations- all males of S. abaster species exhibited a temporal shift from
the normal bottom dwelling position to a more upright. Therefore, during the actual
process of parturition the difference in their vertical position was not retained, indicating a
difference in the species behavior. Sharp movements of the body during birth have been
also recorded in the seaweed pipefish, S. schlegeli and in the opossum pipefish M.
brachyurus (Watanabe and Watanabe 2002; Frias-Torres 2004). Both of these species are
benthic, similar to S. abaster. However, changes in their vertical position were not
recorded as males remained close to the bottom, in a diagonal head-up orientation during
the whole process (Watanabe and Watanabe 2002; Frias-Torres 2004). Therefore, this
temporal upright vertical distribution of S. abaster seems not to be a common behavior
among benthic syngnathids. Intense contractions could be a possible cause for the observed
swift. However, additional data are required before final conclusions are made.

Most of the males of both species released their embryos in the night or early in the
morning in consecutive sporadic batches. The first and the last batches composed of a few
individuals. The majority of the offspring were born somewhere in the middle of the
procedure in one large or two smaller batches. The intermittent contraction ensured that the
pseudo-placenta will be properly detached from inner walls of the pouch and free the
offspring. Silva et al. (2006a) observed that S. abaster gave birth, during a 2-3 day period.
However, in the present study brood release never lasted more than 24 hours.

The dusk or nocturnal preference for offspring release must be a strategy to
maximize offspring survival. More particularly, in nature, night spawning might be
preferred as it helps avoiding predators for both newborns and parents- most such
predators are inactive during that period (Helfman 1993, Fujita and Kohda 1998). At dusk,
the risk of predation is lower for newborns but higher for adults. In such case, parents’
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survival is jeopardized in favor of maximizing survival of the offspring (Helfman 1993).
For the same reasons, nocturnal preference was also reported in the seaweed and opossum
pipefishes (Watanabe and Watanabe 2002; Frias-Torres 2004), in the scorpionfishes,
Sebasticus marmoratu and Sebastes flavidus (Eldreidge et al. 1991, Fujita and Kohda
1998) and in many oviparous pelagic fish species (e.g. Johannes 1978).

The sporadic release of the embryos and prolonged total duration of the parturition
could also be a strategy to maximize offspring survival. As juveniles exit the pouch in
batches, not all of them risk being “lost” in case of predation. However, the prolonged
parturition exposes males to predation, as due to the contractions they cannot stay hidden
in the vegetation. This is probably the reason why in the seaweed and opossum pipefishes
brood release event lasted a few hours (Watanabe and Watanabe 2002, Frias-Torres 2004).
Such a long period of contractions (up to 12 h) was only recorded in the seahorse brood
(Hippocampus sp.), with the actual release lasting just a few seconds (Garrick-Maidment
1997, according to Frias-Torres 2004). Nocturnal or duck preference and sporadic release
probably compensate for the prolonged parturition period of S. abaster and S. typhle.

S. abaster and S. typhle juveniles were released from the marsupium fully
developed, with absorbed yolk sack and- as expected- immediately adopted benthic and
pelagic behavior, respectively (Vincent 1992; Ahnesjo 1992; Silva et al. 2006a). In rare
cases when the male gave birth under stressed conditions, premature embryos were born
(the yolk sack was obvious) but they were not viable. Therefore, under normal conditions
newborns of both species do not undergo a larval stage. This is due to the fact that, the
interaction between the male brood structure and the developing embryos is inversely
proportional to the degree of egg exposure to the external environment (Carcupino et al.
2002). Most species of the genus Syngnathus and all seahorses have elaborate brood pouch
(inverted and fully closed type) thus releasing fully formed embryos.

254



5.4.2. Genetic mating system

5.4.2.1. Syngnathus abaster species

Pregnant males of S. abaster gave birth to an average number of 43 eggs. The
number of offspring is within the range of those reported by Silva et al (2006a) (37 + 11
eggs) but larger than those reported by Hubner et al. (2013) (24 eggs) and Cunha (2012)
(27.58 eggs). This difference could not be attributed to males’ size as; i) it did not differ
between the males and ii) the number of offspring was not correlated to size of males in the
Drepano population.

The mean number of successful mates per male was 4.25 ranging from three to six.
This is a substantial difference form the values of 2.8 (ranging from two to four female
mates) and 2.82 (ranging from two to three) reported in the studies of Hubner et al. (2013)
and Cunha (2012), respectively. This difference could be even bigger, as the estimated 28
mothers in the present study is the minimum number of the female donors. The high
number of successful mates per male recorded in the present study could have possibly
caused the difference of the clutch size mentioned above, but a larger data set is needed in
order to test this hypothesis.

Besides multiple mating, the occurrence of different males’ offspring with identical
mothers (mother id #3, #13, #16, #17, #21) was noted. As the genotypes of these females
were reconstructed and not subtracted from the wild population pool, each genotype could
either belong to one female mating multiple or to different females with identical genotype,
mating with only one male each time. Mothers with 1D, #16, #17 and #21 sired juveniles in
two broods that were born in close dates and thus were inseminated in the same period,
more or less. On the contrary, mothers #3 and #13 sired embryos in two and three broods
respectively, which were born almost two months apart and thus were inseminated in
different periods. Given that the same female in Ria de Aveiro (Portugal) population was
found to lay eggs on different males within a ten day period (Silva et al. 2009), we believe
that mothers #16, #17 and #21 correspond to one individual each time mating multiple
with different males.

However, things were more complicated for mothers #3 and #13, as they could
either be one female mating in two different periods or different females with identical
genotype. S. abaster females are batch spawners, whose eggs mature continuously, and as
long as they have ripe ovaries, they can mate at any given time during the reproductive
period (Silva et al. 2009). Thus, if these females were not able to mate within a short
period, they would keep searching for males without having a strict time frame in which
they must mate. In such a case, the above mentioned mothers mated multiple times with
different males within two months. On the other hand, the alleles of these two mothers’
genotypes were present in the wild population (allele frequencies ranging from 0.06-0.012
at the four loci). Due to the Mendelian way of microsatellite inheritance (Turnpenny and
Ellard 2005), there is a possibility- even though a small one- for two individuals to share
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the exact same alleles. Therefore, the possibility of different females with the same
genotype cannot be excluded for these potential mothers.

Even though it cannot be absolutely sure whether the mothers in question were the
same individual —each time- or different with the same genotype, the result of the present
study indicated that males mated with more than one female and females possibly mated
with more than one male. Therefore, the genetic mating system of Drepano population is
most likely characterized as polygynandrous. This result is in accordance with the social
and genetic mating system observed in Portuguese populations (Silva et al. 2006b; Cunha
2012; Hubner et al. 2013).

However, as already mentioned the degree of male multiple mating was higher in
the population of Drepano than the value estimated in the studies of Cunha (2012) and
Hubner et al. (2013). This outcome did not come as a surprise, as males multiple mating
was found to differ among isolated populations of syngnathids (Rispoli and Wilson 2008;
Mobley and Jones 2007; 2009) or other taxa (Weatherhead and Boag 1997; Griffith et al.
1999; Soucy and Travis 2003; Durrant and Hughes 2005). Even though the genetic
distance between the populations from N. lonian Sea and Portuguese lagoons was not
directly estimated, the species isolation by distance isolation pattern at a regional and
Mediterranean scale (Chapter 2, Alaya et al. 2011; Sanna et al. 2013a) is a strong indicator
for the separation of the two populations. Thus, genetic isolation most likely affects male
multiple mating in S. abaster species.

Rispoli and Wilson (2008) and Mobley and Jones (2009) indicated a negative
correlation between male mating intensity and sexual size dimorphism across a wide range
of S. typhle and S. floridae species distribution, respectively. The higher number of
possible mates for males in Drepano station (absence of sexual size dimorphism in the
population) compared to the studies of Cunha (2012) and Hubner (2013) (moderate levels
of sexual size dimorphism) indicates the impact of sexual selection on the degree of males
multiple mating. This difference could be also contributed to environmental factors (such
as temperature, population density, predation etc.), too. However, more data are required
by reaching any final conclusion.

Apart from the impact of sexual selection and geographical isolation on the levels
of male polygamy, two more aspects need to be discussed regarding the S. abaster mating
system. First of all the total length, weight and number of dorsal fin rays of offspring
varied between and within the broods. However, given that the only available data on the
possible mothers is their genotype, it cannot be decided whether it is the father, the mother
or a combination of the two of them that mostly affected these differences.

Furthermore, surprisingly, in almost all males, at least one female sired only one or
two of the genotyped offspring. This is the first time such a pattern is found in S. abaster
species, while it has been reported before in S. typhle (Jones et al. 1999). Reasons for this
outcome remain uncertain. Given that the process of mating is time and energy consuming
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it is unlikely that both sexes would be involved in courtship just to allocate or accept such
small number of eggs. However, in the wild it has been observed that mating events are
often interrupted (Silva et al 2009) by i) the presence of a second ‘“jealous/intruding”
female- and more rarely male- or ii) the re-evaluation of mates in the begging of the
reproductive event (Vincent et al. 1995; Silva et al. 2009). A second possibility is that the
small numbers of eggs sired to few females could be the result of brood reduction. During
male pregnancy the development of some eggs is terminated. (Jones et al. 1999). In
particular, it is recorded that the number of released offspring is lower than the number of
received eggs (Ahnesjo 1992). Even though undeveloped eggs are dispersed in the pouch,
there is a possibility that they are connected to the quality of female donors (Ahnesjo 1995)
and this could lead to reduced sires from some mothers.

The fact that this small number of sired offspring by some females has not been
reported so far in S. abaster, implies a methological artifact of previous studies. As females
deposit unfertilized eggs into a brood pouch, eggs from the same mother are packed
together (Silva et al 2006b). Therefore, in previous studies the pouch was divided into “n”
equal zones (according to the number of embryos within the pouch) and then a
representative sample from each zone was genotyped. With this subtractive method at least
one embryo from each female was expected to be genotyped, minimizing though the actual
number of the analyzed embryos compared to the total number (e.g. Mobley and Jones
2007; 2009; Hubner et al. 2013). However, if there are indeed females contributing with
one or two eggs in the brood they can easily be lost with this subtractive method. In the
present study the genotyped embryos varied from almost 50% to 93% of the released
offspring, raising thus the possibility to detect mothers with such small number of sired
offspring. This could possibly be one more reason for the higher degree of males multiple
mating found in the present study.

5.4.2.2. Syngnathus typhle species

Pregnant males of S. abaster gave birth to an average number of 43 eggs. This
number is lower than most of the examined populations (except from the Portuguese) in
Rispoli and Wilson (2008) study, while it is in the same levels with the Swedish population
in Jones et al. (1999). Similarly to S. abaster species, this difference could not be attributed
to males’ size as; i) it did not differ between the populations and ii) the number of
offspring was not correlated to males size in Drepano population. The low number of
released offspring must be associated to the fact that the studied males had mated in the
beginning of the reproductive period. It has been shown that the number of embryos a male
can brood peaks in the middle of the reproductive season and decreases in the last months
(Berglund et al. 1986). Therefore, if a more representative sample of the population was
included, the results may have been different.
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The mean number of successful mates per male was 2.33 ranging from one to three
females. This is a substantial difference from the value of 3.7 and 1.3 mates per male in the
Nord Sea and Venice lagoons population, but only a slight one when comparing Drepano
population to the ones from the Ria Fermossa lagoon (Portugal) and Biscay Gulf (2.9 and
2.4 females respectively) (Rispoli and Wilson 2008).

Female multiple mating was not recorded in the present study. As already
mentioned the studied males had mated in the beginning of the reproductive period and
corresponded to a minor portion of the breeding population. Therefore, if more broods
were studied, the results of males multiple mating may have been different. Similarly, it
seems that females may have mated with additional males which were not collected. Thus,
the results probably severely underestimate the true rate of the species actual levels of
multiple mating. Before deducing any final conclusions on the species mating system in
Drepano population more brooding males need to be examined. Similarly, the impact of
sexual size dimorphism and geographic isolation cannot be confidently estimated.

A difference in the total length and weight, but not in the number of dorsal fin rays
was recorded between and within the offspring of the three different broods. Once again,
the absence of data on the size of the possible mothers does not allow the deduction of safe
conclusions. Contrary to S. abaster species, no mother with less than three sired offspring
was detected. Even in the brood that only three offspring were sired to one mother, all the
released juveniles of that brood were genotyped in order to rule out the possibility of
undetected sired newborns.
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5.4.3. Comparison of Syngnathus abaster and Syngnathus typhle juveniles

Analysis of size (total length and total weight), shape (morphometric variables),
anatomical traits (number of dorsal fin rays), as well as observations on the behavior
(vertical position), showed that S. abaster and S. typhle newborns were distinct. First of all,
as expected, S. typhle juveniles were longer and had more dorsal fin rays than S. abaster.
Also, morphometric analyses showed they had a more elongated snout and main body, but
a shorter trunk compared to S. abaster. The juveniles of the two species were also spatially
segregated with S. abaster newborns acquiring a benthic position from the moment they
were born while S. typhle swam in the upper part of the aquarium.

However, these differences are also, distinct traits between adult specimens of the
two species (Dawson 1986, www.fishbase.org). The fact that major interspecies
differences -following the adult specimens pattern- were detectable from the first day
juveniles indicated that S. abaster and S. typhle newborns are fully formed individuals,
closely resembling adult fish. Silva et al. (2006a) and Sommer et al. (2012) also support
that S. abaster brooding males give birth to fully formed individuals. However, their
findings were based on behavioral (distribution in the water column), qualitative
observations (coloration) and meristic characters (dorsal fin rays, body rings). Therefore,
this is the first study to statistically prove that size, shape anatomical and behavioral
differences between the S. abaster and S. typhle species are visible from the day they are
born.

A final trait of the two species that proves their resemblance to adult specimens was
a similarity rather than a difference. The color pattern of both newborns escalated from
light green/brown to dark green/ brown or even black. Syngnathids coloration depends on
the environment that they live and more particularly on the type and density of vegetation
they mimic (Dawson 1986). As the ecosystem of Drepano is a complex one with patchy
seagrass and bare sand, adult specimens showed a variety of colors similar to the ones
recorded in the juveniles. Thus the pigmentation of juveniles is probably completed before
they leave the pouch. An interesting fact is that Silva et al (2006a) recorded all of S.
abaster offspring having the same dark brown color. Since there are no data on the color of
the adult specimens we cannot be sure whether this is a random effect or an actual
difference in the juveniles of the two localities.

Post-released morphological data that support the strong resemblance of adult and
new born specimens — although rare- were recorded in other syngnathid species too. Three
seahorse species, Hippocampus kuda, H. abdominalis and H. ingens and a pipehorse,
Syngnathoides biaculeatus, were proven to give birth to fully formed individuals (Watson
and Sandknop 1996; Gomon and Neira 1998; Mi et al 1998; Dhanya et al. 2005; Choo and
Liewe 2006). On the contrary, Nerophis lumbriciformis, N. ophidion and Entelurus
aequoreus released smaller and less developed larvae, with primordial fin, present yolk
sack and transparent coloration (Russell 1976; Monteiro et al. 2003).
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The main factor that determines the developmental stages of released individuals is
the type of the brood pouch (Herald et al. 1959). Embryonic development in the
syngnathids’ inverted or fully closed brood pouch occurs under relatively stable and
protected conditions, unaffected of the external environment. Along with the function of
mechanical protection, the pseudo-placenta in the marsupium supplies developing embryos
with a certain amount of nutritive substances (Mi et al 1998; Ripley et al. 2006; 2009;
Kvarnemo et al. 2011). This enables the embryo to efficiently use the yolk throughout the
embryonic development and absorb it just before the release of the fully formed fry (Mi et
al. 1998; Silva et al. 2006a; Sommer et al. 2012). On the other hand, marsupium-lacking
species, such as N. ophidion and N. lumbriciformis cannot nourish and protect their
embryos so effectively. This leads to the release of small planktonic larvae, with little
resemblance to adult individuals (Monteiro et al. 2003).
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Chapter 6. Conclusions
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The aim of the present study was to examine the biology, the genetic and
phenotypic structure and the mating system of the sympatrically occurring syngnathids
Syngnathus abaster and Syngnathus typhle along the Greek coastline. The outcomes of
the present thesis showed some remarkable similarities and striking differences between
the two species.

In regard to the biology of S. abaster and S. typhle (Chapter 2), both species seem
to have established breeding non-competing populations in Drepano and Neochori
ecosystems. The lack of difference in the population structure, growth pattern and
reproduction period of both species in the examined stations indicated absence of local
adaptations. Therefore either the two ecosystems are not as distinct as they were supposed
of being or local adaptations are obvious in a broader geographical range than the studied
ones. Therefore, a future perspective would be to examine the biology of the two species at
an lonian- Aegean scale. The different abiotic and biotic factors prevailing in the two Seas
(Coll et al. 2010, Bianchi et al. 2012) could potentially be strong drives for differentiation.
Also local adaptations could also be present between individuals inhabiting different types
of ecosystems i.e. open sea and lagoon. In particular Baker and Foster (2002) revealed a
salinity dependent fluctuation in the life-history traits of the threespine stickleback,
Gasterosteus aculeatus L (Gasterosteiformes). A similar hypothesis could not be excluded
for pipefish but needs further examination.

The study of male pregnancy and genetic mating system of Syngnathus abaster and
Syngnathus typhle also enlightened aspects of the reproductive biology and ethology of the
two studied species (Chapter 5). The actual process of the parturition indicated the effort of
both species’ males to maximize the chances of their offspring survival, a strategy that is
common among species exhibiting parental care (e.g. Johannes 1978; Helfman 1993;
Eldreidge et al. 1991, Fujita and Kohda 1998). However, in order to test this theory the
actual process of parturition should be studied in a natural population were the animals are
free from any artificial constrains or stress that might deduce labor.

One of the advantages of male pregnancy for the two species is that their offspring
are fully formed individuals (Silva et al. 2006b; Sommer et al. 2012). In the present thesis
this resemblance was shown at 1* day newborn individuals by behavioral (distribution in
the water column), qualitative observations (coloration) morphometric and meristic (dorsal
fin rays, body rings) characters. The resemblance of the newborn individuals to the adults
was so strong that discrimination between juveniles of the two species was possible from
the first day that they were born. An additional step to the results of the present thesis
would be to compare the growth of juveniles of both species under reared and/or natural
conditions and examine any possible interspecies differences that may appear until they
reach maturation.
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The genetic mating system of S. abaster confirmed the species polygynandrous
behavior with a higher number of females donors revealed so far. At the same time S.
typhle was characterized as polygynous. However as already discussed, this outcome needs
to be further investigated due to the low number of the examined broods. The study of both
species genetic mating system was based on reconstruction of maternal genotypes (Colony
software, Jones and Wang 2009). Despite the high possibility of correct reconstruction of
the maternal genotype and assignment of offspring genotype to these mothers, it would be
interesting to validate these results with field observations and/or by genotyping a larger
female-wild population sample in order to assign offspring directly to their female donors.
By the direct assignment there would be no doubt on the maternal genotype and thus the
intensity of polygamy will be brought into proportion without being under or over
estimated.

Phylogenetic and morphometric relationship studies (Chapters 3, 4) showed that S.
abaster and S. typhle species, even though congeneric and sympatric along the coastline of
Greece, are genetically and morphologically distinct. No intermediate haplotypes or
morphotypes were found between the two species, indicating lack of contemporary
hybridization®. However a different pattern of intraspecies differentiation was observed
revealing the effect of past and more contemporary drives.

In particular, molecular analysis (Chapter 3) revealed that S. abaster exhibited a
deep genetic structuring along the Greek coastline forming distinct clades between lonian
and Aegean Seas. At the same time, S. typhle exhibited a shallow (even non- existent)
genetic structure which was uncorrelated to geographical boundaries. As already discussed
(Chapter I11) it seems, that during the Pleistocene period — and most likely the LGM- both
species abandoned the Greek coastline and retreated in protected refugia. However, it is
most likely that these refugia differed spatially and numerically. The populations of S.
abaster that postglacially recolonized the Greek coastline most likely originated from at
least two refugia i.e. one for the Aegean and one for the lonian Sea populations. Contrary,
contemporary Greek population of S. typhle most probably originated from one refugium
situated in the Eastern Mediterranean Sea.

The limited dispersal ability due to the benthic behavior of both juvenile and adult
specimens of S. abaster most probably prevented an extensive contemporary gene flow
and ultimately led to the nowadays observed genetic structuring between the two Seas
(Slatkin 1987; Pineda et al. 2007; Schunter et al. 2011). On the other hand, the increased
potential for passive transportation of the benthopelagic S. typhle could have resulted in a
contemporary gene flow even between remote populations, sustaining thus the common
genetic background (Slatkin 1987; Pineda et al. 2007; Schunter et al. 2011).

> Hybridization of European S. typhle and S. taenionotus species occurred between 0.23 to 1.11 Mya
(Hablutzel 2009).
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Despite the differences in the genetic structure of the two species morphometric
analysis indicated a similar pattern for them (Chapter 4). In particular lonian and Aegean
Sea phenotypes were distinct for both species. As already discussed, morphometric
characters are under the influence of both genetic background (Griffiths et al. 2010) and
natural selection/local adaptations (Arnold 1983; Lande and Arnold 1983; James 1983).
Given that lonian and Aegean Seas are characterized by different and variable
environmental and physicochemical conditions (Coll et al. 2010) it is suggested that
besides the level of genetic structuring the individuals of both species evolved local
adaptations that added to their phenotypic profile (Corti et al. 1996; Clabaut et al. 2007).

As already mentioned seven more syngnathid species (Hippocampus hippocampus,
Hippocampus guttulatus, Nerophis ophidion, Syngnathus acus, Syngnathus phlegon,
Syngnathus taenionutus and Syngnathus tenuirostris) (Economidis and Bauchot 1976;
Dawson 1986; Papakonstantinou 1988) exist along the Greek coastline. A question arising
from the results of the present thesis is if the genetic and morphometric pattern of these
species resembles that of S. typhle, S. abaster or follows a new motif. The study of as
many as possible sister and sympatric occurring species could help to unravel the effect of
past and present drives on syngnathids genetic structure and even indicate a pattern that
could be generalized in other nearshore organisms, too. Also such an extensive study could
define the effect of genetic structure and local adaptations on the morphology of
syngnathids and indicate the most important factor that shaped it. Finally the sampling size
could be wider, including individuals from the lonian and Aegean Seas islands, and
providing thus a detailed pattern of genetic and morphometric structure along the entire
Greek coastline.

In conclusion, the results of the present thesis helped in the understanding of the
biology, genetic mating system and phylogenetic relationship of two of the most abundant
pipefishes along the Greek coastline. It provided, for the first time, data on many aspects of
the above fields and set the grounds for further research to come.
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Table 2.1. The composition of ichthyofauna of Drepano station on a bimonthly basis in the present
study.

Hivakag 2.1. X0ctaon ybvonavidag tov otafuod tov Apemdvov ce dwunviaio Pdaon katd ™
SugpKeln TG TOPoHGaG LEAETNG.

Family Genus Species Jan-Feb Mar-Apr May-Jun Jul-Aug Sep-Oct Nov-Dec
Atherinidae Atherina A. boyeri 2315 989 4133 1844 473 200
Belonidae Belone B. belone 0 0 0 1 5 1

P. gattorugine 0 2 39 23 1 0

. Parablennius P. incognitus 1 5 1 3 3 9
Blenniidae P.sanguinolentus 0 0 0 71 0 1
P. tentacularis 0 0 0 0 0 1

Salaria S. pavo 0 5 2 22 1 0

. . . C. pusillus 0 0 0 3 0 3
Callionymidae Callionymus C. risso 0 0 ) 0 0 0
Clupeidae Sardina S. pilchardus 0 0 156 8 23 0
Engraulidae  Engraulis E. encrasicolus 0 2 44 0 98 0
Gobidea Gobidea sp. 942 782 833 832 554 21

S. cinereus 29 126 12 20 15 42
. S. mediterraneus 0 0 0 0 0 1
Labridae Symphodus S. ocellatus 0 11 1 0 0 2
S. tinca 0 0 1 4 0 0
Chelon C. labrosus 0 0 2 34 1 0
Mugilidae Liza L. aur.ata 1008 647 218 65 41 1078
L. saliens 2 0 7 56 26 0
Mugil M. cephalus 4 0 0 0 0 0
Mullidae Mullus M. surmuletus 0 0 135 81 21 1
Scophthalmidae Scophthalmus S. maximus 0 2 0 0 0 0
Scorpaenidae  Scorpaena  S. porcus 1 2 0 4 1 3
Soleidae Solea S. solea 4 10 0 1 2 0
D. annularis 0 14 0 6 13 2
D. puntazzo 4 79 8 31 1 0
Diplodus D. sargus 0 0 2 15 0 0
Sparidae Diplodus sp. 0 0 8 1 0 0
D. vulgaris 0 35 11 1 0 0
Sarpa S. salpa 0 298 50 8 10 1
Sparus S. aurata 0 0 0 0 1 1
Nerophis N. ophidion 0 1 1 1 0 2
Syngnathidae  Syngnathus S. abaster 16 14 62 74 129 18
S. acus 0 6 4 6 2 0
Syngnathus  S. typhle 1 23 75 62 113 13
Trachinidae Echiichthys E. vipera 0 0 0 1 1 0
Triglidae Lepidotrigla L. cavillone 0 4 1 0 0 0
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Table 2.2. The composition of ichthyofauna of Neochori station on a bimonthly basis in the present

study.

Hivakag 2.2. X0ctaon yybvoravidag tov otabuov tov Neoywpiov ce dunviaio Pacn kotd ™)
Sugpkeln TG TopovGas LEAETNG.

. . Jan- Mar- May-  Jul- Sep- Nov-
Family Genus Species Feb Apr Juz Aug O(E)t Dec
Anguillidae Anguilla A. anguila 0 0 0 1 0 0
Atherinidae Atherina A. boyeri 440 192 1557 595 890 1276
Belonidae Belone B. belone 0 5 8 5 62 2
Blenniidae Salaria S. pavo 0 0 19 0 6 0
Blenniidae Parablennius  S. gattorugine 3 0 1 0 0 0
Blenniidae Parablennius  P. incognitus 0 0 0 0 0 1
Blenniidae Parablennius  P. sanguinolentus 0 0 1 10 0 0
g:alllonymlda Callionymus C. pusillus 1 0 0 0 0 0
Clupeidae Sardina S. pilchardus 0 0 0 0 1 0
giprlnodontl Aphanius A. fasciatus 0 24 6 9 1 6
Gobidea Gobidea sp. 109 14 68 41 33 1
Labridae Symphodus S. doderleini 0 0 0 1 0 0
Labridae Symphodus S. ocellatus 8 0 1 0 0 0
Mugilidae Chelon C. labrosus 0 0 0 0 0 0
Mugilidae Liza L. aurata 233 323 45 26 1 68
Mugilidae Liza L. saliens 18 1 51 8 34 0
Mugilidae Mugil M. chephalus 0 0 0 0 0 2
Mullidae Mullus M. surmuletus 0 0 3 7 0 0
Soleidae Solea S. solea 1 8 2 3 0 3
Sparidae Diplodus D. annularis 1 0 0 0 0 0
Sparidae Sarpa S. salpa 0 0 16 0 0 0
Syngnathidae  Nerophis N. ophidion 0 1 6 0 9 0
Syngnathidae ~ Syngnathus S. abaster 1 23 75 62 113 13
Syngnathidae  Syngnathus S. acus 0 0 8 14 1 0
Syngnathidae  Syngnathus S. typhle 27 28 92 137 111 42
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Table 2.3. Chi square test (x°) values for the sex ratio of males to females and adults to unsexed
specimens of S. abaster and S. typhle species from Drepano and Neochori stations in the present
study (p, level of significance).
Hivakag 2.3. Anotehéopato TOL 10T X2 yia TV avaAoyio. QUAOV TOV OPCEVIKOV TPOG ONAvKdV
Kot eVIMK®V TTpog a.01eVKpivioTon @O0V atoumy tov edmv S. abaster kai S. typhle amd tovg
otafpovg tov Apemdvov Kot Tov Neoywpiov katd tn dudpkela g mapovoag LeAétng (P, eminedo

GNUOVTIKOTNTOG ).

Males Females Adult Unsexed Males: Females Adult:Unsexed
Species Station Month Chi Chi
i-square i-square
N N N N test test P

Jan-Feb 9 4 13 3 1.92 >0.05 6.25 <0.05

Mar-Apr 3 10 13 1 3.77 >0.05 10.29 <0.01

May-Jun 19 23 42 20 0.38 >0.05 7.81 <0.01
Drepano

Jul-Aug 23 25 48 26 0.08 >0.05 6.54 <0.05

Sep-Oct 35 75 110 19 14.55 <0.001 64.19 <0.001

Nov-Dec 7 9 16 2 0.25 >0.05 10.89 <0.001

S. abaster

Jan-Feb 2 3 5 0 0.20 >0.05 5.00

Mar-Apr 2 4 6 13 0.67 >0.05 2.58 >0.05

May-Jun 7 5 12 25 0.33 >0.05 457 <0.05
Neochori

Jul-Aug 25 34 59 55 1.37 >0.05 0.14 >0.05

Sep-Oct 6 17 23 8 5.26 <0.001 7.26 <0.01

Nov-Dec 0 2 2 3 2.00 >0.05

Jan-Feb 1 0 1 0

Mar-Apr 7 15 22 1 291 >0.05 19.17 <0.001

May-Jun 32 34 66 9 0.06 >0.05 43.32 <0.001
Drepano

Jul-Aug 25 31 56 6 0.64 >0.05 40.32 <0.001

Sep-Oct 41 47 88 25 041 >0.05 35.12 <0.001

S. typhle Nov-Dec 7 5 12 1 0.33 >0.05 9.31 <0.01

Jan-Feb 12 15 27 0 0.33 >0.05

Mar-Apr 15 11 26 2 0.62 >0.05 20.57 <0.001

May-Jun 40 16 56 36 10.29 <0.01 4.35 <0.05
Neochori

Jul-Aug 45 50 95 42 0.26 >0.05 20.50 <0.001

Sep-Oct 28 52 80 31 7.20 <0.01 21.63 <0.001

Nov-Dec 11 28 39 3 7.41 <0.01 30.86 <0.001
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Table 2.4. Chi square test (x?) values for the ratio of brooding to non-brooding males and non-
brooding to female individuals of S. abaster and S. typhle species from the stations of Drepano and
Neochori during the breeding period of the present study (p, level of significance).

Iivakag 2.4. AmoteAécpoTo TOL TECT X2y Vv ovoloyio KuoeopodvTmy ®g TPOG  un-
KLVOPOPOHVIOV APGEVIKMY OTOUMV KAl KDOPOPOLVTIMV UPCEVIKOV ¢ TPOS ONAVKOV 0TOU®OV TV
ewmv S. abaster kot S. typhle and tovg otabupovg tov Apemdvov kot tov Neoywpiov katd tnv
avamapoy®ytkny tepiodo g mapovcag peAEng (P, eminedo onuavIikdTTaS).

Non- Non-broodin
Males brooding:Broodin . 9
males:Females
Females g males
Species Station Month Non- Broodi
brooding rooding Chi- Chi- p
N N N square square
May-Jun 5 14 23 4.26 <0.05 11.57 <0.05
Drepano Jul-Aug 10 13 25 0.39 >0.05 6.43 <0.05
S. abaster Sep-Oct 24 11 75 4.83 <0.05 26.27 <0.001
May-Jun 1 6 5 3.57 >0.05 2.67 >0.05
Neochori Jul-Aug 11 14 34 0.36 >0.05 11.76 <0.001
Sep-Oct 3 3 17 0.00 >0.05 9.80 <0.001
Mar-Apr 3 4 15 0.14 >0.05 8.00 <0.01
May-Jun 15 17 34 0.13 >0.05 7.37 <0.01
Drepano
Jul-Aug 10 15 31 1.00 >0.05 10.76 <0.01
S. typhle Sep-Oct 14 27 47 412 <0.05 17.85 <0.001
Mar-Apr 9 6 11 0.60 >0.05 0.20 >0.05
) May-Jun 22 18 16 0.40 >0.05 0.95 >0.05
Neochori
Jul-Aug 17 28 50 2.69 >0.05 16.25 <0.001
Sep-Oct 21 7 52 7.00 <0.01 13.16 <0.001
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Table 2.5. Total length (TL mm) range of males and females of a) S. abaster and b) S. typhle

species caught in Drepano and Neochori stations used in the estimation of the logistic regression
curves for the estimation of the Ls, in present study (Min, minimum total length; Max, maximum

total length)

Mivaxag 2.5. Ebpog to oAkod pinkovg (TL mm) tov apoeviKav atopmv Kot ONAVK®V oTtouov TV
ewdmv a) S. abaster ka1 b) S. typhle and tovg otadpovg Tov Apendvov kot Tov Neoywpiov Kapmdin
Ta ool YPMNGILOTOONKAY GTOV VITOAOYIGHO TNG AOYIGTIKNG TAALVOPOUNGNG Y10l TV EKTIUNOT TOV

Lso otnv mapodoa perétn study (Min, eldyioto ohkd unikog; Max, uéyioto ohkd uiKoc)

a) Males Females
Station Month Min Max Min Max
Jan-Feb 95.0 95.0
Mar-Apr 88.0 172.0 121.0 243.0
May-Jun 82.0 237.0 84.0 193.0
Drepano  Jul-Aug 60.5 214.0 80.4 194.0
Sep-Oct 60.0 214.0 80.0 220.0
Nov-Dec  105.0 155.0 90.0 207.0
Total 73.0 237.0 80.0 243.0
Jan-Feb 101.0 157.0 102.0 181.0
Mar-Apr 77.0 185.8 98.7 151.1
May-Jun 67.0 163.0 78.0 166.0
Neochori  Jul-Aug 60.1 187.0 78.0 171.0
Sep-Oct 60.7 172.0 74.0 182.0
Nov-Dec 86.0 188.0 77.0 183.0
Total 67.0 188.0 74.0 183.0
b) Males Females
Station Month Min Max Min Max
Jan-Feb 95.0 95.0
Mar-Apr 88.0 172.0 121.0 243.0
May-Jun 59.8 237.0 84.0 193.0
Drepano  Jul-Aug 104.0 214.0 80.4 194.0
Sep-Oct 61.8 214.0 80.0 220.0
Nov-Dec 105.0 155.0 90.0 207.0
Total 73.0 237.0 80.0 243.0
Jan-Feb 101.0 157.0 102.0 181.0
Mar-Apr 77.0 185.8 98.7 1511
May-Jun 60.6 163.0 63.1 166.0
Neochori  Jul-Aug 61.2 187.0 60.2 171.0
Sep-Oct 60.5 172.0 74.0 182.0
Nov-Dec 86.0 188.0 77.0 183.0
Total 67.0 188.0 74.0 183.0
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Table 3.1. Number of individuals of S. abaster and S. typhle species collected from the 19
sampling stations along the mainland sublittoral coastline of Greece
IMivoxkag 3.1. ApOudc atopmy tov dav S. abaster kat S. typhle toa onoia cvAAEyONoav amd 19
6Tafpovg detypatoAnyiog KaTd PKOG TG TOPAKTIOS TapaAlakng {dvng e NrelpmTikig EALASag

Species
Sea Geographical region ~ Sampling station g apaster  S. typhle
Port of Igoumenitsa Drepano 10 6
Amvrakikos Gulf Neochori 7 7
Mitikas Mitikas 11 3
Tourlida Tourlida 6 0
lonian Sea Kalogria 13 0
Katakolo 3 2
Peloponnese Kotichi 7 0
Kaiafa 5 0
Gialova 0 1
Peloponnese Moustos 5 0
Korinthiakos Gulf Kechries 5 1
Livanata 3 3
Evoikos Gulf
Karavomilos
10 0
Pagasitikos Gulf Lechonia 5 0
Aegean Sea Thermaikos Gulf Korinnos 15 5
Pilaia ) 5
Chalkidiki Vourvourou 3
Porto Koufo 0
Thrace Vassova 7 0
Drana 10 2
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Table 3.2.a. Haplotype designation and variable nucleotide positions among 78 haplotypes
revealed after analysis of the mitochondrial Control Region of S. abaster. Numbers refer to
underlined positions in Figure 3.6. For every haplotype nucleotides are given when they are
different from the consensus sequence, while identity is shown by dots.

Mivaxoeg 3.2.a. Atagpopetikol amldTLTol Kol TOAVLOPQIKEC OEGEIC LETAED TV 78 AmMAOTUT®OV TOV
TPOEKLYOV OO TNV ovOAvon G meployne eA&yyov tov prtoyovoplakod DNA tov gidovg S.
abaster. Ot apiBuoi ovtiotoyovv oTig vroypoucuéveg 0éoelg otnv Ewova 3.6. Ta vovkleotidia
KkéOe molvpopeikng Béong divovtarl dtav avTd dPEPOLY omd TNV aAANAOLYid AvaPOPAs, VD 1
opototnTo cGLUPoAileTon e Teleleg.

L 8 8 ¢ 2 8 ¥ 8 g 8§ § § § 8 % 8 %8 8 8 3 § & g 8

1

2 G G T C

3 A C

4 G

5 A T G T

6 A G T G T

7 A T G T

8 A T G T

9

10

11 . . . . . . . . . . . . . . . T

12 . . . . . . . . . . . . . . T . . . . . . . C

13

14 . . . . . A . . . . . . . G . T . . . . T C

15 . . . . . . . . . A . . . . . T . . . . . . C

16 . . . . . A . . . . . . . G . . G . . . T C

17 . . . . . A . . . . . . . . . . . . . . T C

18 . . . . . . . . . . . . . . . . . . . . T C

19
20 . . . . . A . . . . . . . . . . G . . . T C
21 . . T G A G . C . . T G . G . T . . . . . . . T
22 . . T G A G . C . . T . . . . T . . . . . . . T
23 . . T G A G . C . . T . . . . T . . . . . . . T
24 . . T G A G . C . . T G G G . T . . A . . . . T
25 . . T G A G . C . . T . . . . T . . . . . . . T
26 . . T G G G . . C . . . . G . T . . . . . . . T
27 . . T G A G . C . . T G . . . T . . . . . . . T
28 . . T G G G . . C . . . . . . T . . . . . . . T
30 . . . . . A . . . . . . . . . T . . . . T C
31 . . . . . A . . . . . . . . . T . . . . T C
32 . . T G G . . A C . . . . . . T . . . . T
33 T G G A C T T
34 . G T G G . . A C . . . . . . T . . . . T
35
36 . . T G G . . . C . . . . . . T
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Table 3.2.a. Continued
Mivakag 3.2.a. Zvuvéyeln

462
498
584
585
601
616
629
631
633
640
641
642
643
673
676
677
678
679
680
690
691
693
695

10 . . . . . . . . . . . . . . C

11 . . . . . . . . . . . . . . (o}

12 C . . . . . . . . . . . . . C

13 . . . . . . . . . . . . . . (o}

14 . . . . . . . . . . . . . . C

15 . . . . . . . . . . . . . . (o}

16 . . . . . . . . . . . . . . C

17 . . . . . . . . . . . . . . (o}

18 C . . . . . . . . . . . . . C . . A

19

20 . . . . . . . . . . . . . . C

21 . . . . . . . . . . . G C . (o} . . . . . . C T

22 . . . . . . . . . . . G . . C . . . . . . . T

23 . . . . . . . . . . . G C C C . . . . . . C T

24 . . . . . . . . . . . G . . C . . . . . . . T

25 . . . . . . . . . . . G . . (o} . . . . . . . T

26 . . . . T T . T . T . G . . C . . . . . . . T

27 . . . . . . . . . . . G . . (o} . . . . . . . T

28 Cc . . . . . . T . T . G . . C . . . . . . . T

29 . . . . . . . . . . . . . . (o}

30 . . . . . . . . . . . . . . C

31 C . . . . . . . . . . . . . (o}

32 . . T A . . . . A T . G . . C . . . G

33 . . T A . . . . A T . G . . C . . . G

34 . . T A . . . . A T . G . . C . . . G

35 . . . . . . . . . . . . . . (o} . . . . . . . T

36 . . . . . . T . . . . G . . C
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Table 3.2.a. Continued
Mivakag 3.2.a. Zvvéyewa

725
732
734
735
737
739
750
752
756
761
762
763
764
765
766
770
773
778
790
795
801
802
804

13 . . . . . . . . . . . . . . . . . G . . . C

21 . . . . C . C . C . . . . . . G . . . . A C

22 . . . . C . . . . . . . . . . G . . . . A Cc

23 . . . . C . C . . . . . . . . G . . . . A C

24 . . . . C . . . . . . . . . . G . . . . A C

25 . . . . C . . . . . . . . . . G . . . . . (o}

26 . . . . . . C T . . T A . A . . . . . . A C

27 . . . . C . . . . . . . . . . G . . . . A (o}

28 . . . . C . . T . . . . . . . . . . . . A C

32 . . . . C . Cc . . . . . . . T . . . . . A C

33 . . . . C . C . . . . . . . T . . . T . A C

34 . . . . C . Cc . . . . . . . T . . . . . A C

36 . G . . C A Cc T . . . . . . . . . . . . A C T
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Table 3.2.a. Continued. Mivaxag 3.2.a. Zuvéyeila

15
28
33
2
45
68
74
85
89

100

102

112

120

135

145

163

240

280

393

416

428

429

440

458

37 . . T G G . . . C . . . . G . T

38 . . T G A G . C . . T G . . . T . . . . . . . T

39 . . T G A G . C . A T . . G . T . . A . . . . T

40 . . T G G . . . C . . . . . . T

41 . . T G A G . C . A T . . G . T . . . . . . . T

42 . . T G G . . . C . . . . . . T

43 . . T G A G . C . A T . . G . T . . . . . . . T

44 . . T G A G . C . . T G . . . T . . . . . . . T

45 . . T G G . . . C . . . . . . T

46 . . T G A G . C . A T . . G . T . . . . . . . T

47 . . T G G G . A . . . . . . . T . . . . . . . T

48 . . T G A G . C . . T G . . . T . . . . . . . T

49 . . T G A G . C . . T G . . . T . . . . . . . T

50 . . T G A G . C . . T . . . . T . . . . . . . T

51 . . T G A G . C . . T . . . . T . . . . . . . T

52 . . T G G G . C . . T G . G . T . . . . . . . T

53 . . T G A G . C . . T . . . . T . . A . . . . T

54 . . T G A G . C . . T G . . . T . . A . . . . T

55 . . T G A G . C . . T G . . . T . . . . . . . T

56 . . T G A G . C . A T G G . . T . . . . . . . T

57 . . T G A G . C . . T G . . . T . . . . . . . T

58 . . T G A G . C . . T . . . . T . . . . . . . T

59 . . T G G G . C . . T G . G . T . . . . . . . T

60 . . T G A G . C . . T G . . . T . . . . . . . T

61 . . T G A G . C . . T . . . . T . . . . . . . T

62 . . T G A G . C . . T G . . . T . . . . . . . T

63 . G T G A G . C . . T G . . . T . . A . . . . T

64 . . T G G G . C . . T G . . . T . . . . . . . T

65 . . T G A G . . . A T G . . . T . . . . . . . T

66 . . T G A G . C . . T G . . . T . . . . . . . T

67 . . T G G G . . . A T G . G . T . . . . . . . T

68 . . T G A G . T . . T G . . . T . . . . . . . T

69 . . T G G . . . C . . . . . . T

70 . . T G G . . . C . . . . . . T

71 . . T G G . . . C . . . . . . T

72 . . T G G . . . C . . . . . . T

73 . . T G A G . C . . T G . . . T . . . . . . . T

74 . . T G G G T A C . . . . . . T . . . . . . . T

75 . . T G A G . C . . T . . . . T . . . . . . . T

76 . . T . A G . C . . T G . . . T . . . . . . . T

7 . . T G A G . T . . T G . G . T . . . . . . . T

78 . . T G A G . C . . T G . . . T . . . . . . . T

305



Table 3.2.a. Continued. Mivaxag 3.2.a. Zuvéyela

462
498
584
585
601
616
629
631
633
640
641
642
643
673
676
677
678
679
680
690
691
693
695

37 . . . . . . T . . . . G . . C

38 . . . . . . . . . . . G C . C . . . . . . C T

39 . . . . . . . . . . . G C C C . . . . . . Cc T

40 C . . . . . . . . . . G . . C

41 . . . . . . . . . . . G C C C . . . . . . Cc T

42 . . . . . . . . A . . G . . C

43 . . . . . . . . . . . G C C C . . . . . . Cc T

44 . . . . . . . . . . . G . . C . . . . . . . T

45 . . . . . . . . A . . G . . C

46 C . . . . . . . . . . G C C C . . . . . . C T

47 C . . . . . . T . T . G . . C . T . . . . . T

48 . . . . . . . . . . . G C . (o} . . . . . . C T

49 . . . . . . . . . . . G C . C . . . . . . Cc T

50 . . . . . . . . . . . G C . (o} . . . . . . C T

51 . . . . . . . . . . . G C . C . . . . . . Cc T

52 C . . . . . . . . . . G C . C . . . . . . C T

53 . . . . . . . . . . . G C . C . . . . . . Cc T

54 . . . . . . . . . . . G C . (o} . . . . . . C T

55 C . . . . . . . . . . G . . C . A . . . . . T

56 . . . . . . . . . . . G C . (o} . . . . . . C T

57 . . . . . . . . . . . G C . C . . . . . . Cc T

58 C . . . . . . . . . . G . . C . . . . . . . T

59 . . . . . . . . . . . G . . C . . . . . . . T

60 C . . . . . . . . . . G C . C . . . . . . C T

61 Cc . . . . . . . . . . G C . C . . . . . . C T

62 . . . . . . . . . . . G C . C . . . . G . C T

63 . . . . . . . . . . . G C . C . . . . . . C T

64 C . . . . . . . . . . G C . C . . . . . . C T

65 . . . . . . . . . . T G C . C . . . . . . C T

66 C . . . . . . . . . . G C . C . . . . . . . T

67 . . . . . . . . . . . G C . C . . . . . . C T

68 . C . . . . . . . . . G C . C . . . . . . C T

69 . . . . . . . . . . . G . . C

70 . . . . . . . . . . . G . . (o}

71 . . . . . . . . . . . G . . C

72 . . . . . . . . . . . G . . (o}

73 . . . . . . . . . . . G . . C . . . . . . . T

74 C . . . T . . T . T . G . . (o} . . . . . . . T

75 . . . . . T . . . . . G . . C . . . . . . . T

76 C . . . . . . . . . . G . . (o} . . . . . . . T

7 . . . . . . . . . . . G C . Cc . . . . . . C T

78 . . . . . . . . . . . G . . C . . . . . . . T
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Table 3.2.a. Continued. Mivaxag 3.2.a. Zuvéyeila

725

732

734

735

737

739

750

752

756

761

762

763

764

765

766

770

773

778

790

795

801

802

804

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78
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Table 3.2.b. Haplotype designation and variable nucleotide positions among 14
haplotypes revealed after analysis of nuclear Locus Al of S. abaster. Numbers refer to
underlined positions in Figure 3.10. For every haplotype nucleotides are given when
they are different from the consensus sequence, while identity is shown by dots.
Hivakag 3.2.b. Awagopetikol amidotumor ko woAvpopeikég Béoeic petaly tov 14
ATAOTOT®V TTOV TPOEKLY OV amd TNV AVAALOT TOL TVPNVIKOL TOTov Al Tov gidovg S.
abaster. Ot apiBuoi avtiotoryovv otig voypapicuéveg 0éoeig oty Ewova 3.10. Ta
voukAeotidwn Kabe molvpopeikng 0éong Sivovior Otav ovTd JPEPOLY GO TNV
aAAndovyio avapopas, Evd 1 opototnTo cPorileTon L TeElEleS.

~ 8 2 8 K § 8 8§88 § 5 8 3 3 & 3 3 & 8 g §
1 .
2 . A
3 T .
4 . . A L
5 G c c A G T 6 T
6 G A c c G T 6 T
7 .G T A c c G T 6 T
8 AG T G T 6 T
9 AG T T . G T 6 T
10 . G A A c c G T 6 T .
1 . G A c c G T 6 T A .
2 . G . c c A G T 6 T c
13 . G A c c . G T G T G
4 . G A cC c G G T G T
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Table 3.2.c. Haplotype designation and variable nucleotide positions among 17
haplotypes revealed after analysis of the mitochondrial Control Region of S. typhle.
Numbers refer to underlined positions in Figure 3.14. For every haplotype nucleotides
are given when they are different from the consensus sequence, while identity is shown
by dots.

Hivakag 3.2.c. Awagopetikoi amhdtumol Kot moAVHOpPIKEC Béoelc petaéd tov 14
OmMAOTOT®V  TOL  TMPOEKLYOV OO TNV  OVAALCT 1TNG TEPLOYNG EAEYYOVL  TOL
wroxovéplakod DNA tov &idovg S. typhle. Ou apibuoi avtictoyodv otig
vroypoupicpéveg 0éoelg oty Ewova 3.14. Ta vovkieotido kaOe molvpuopeikng 0Eong
dtvovtor 0tov avtd deEépovv amd TV aAAniovyic ovagopds, evd 1 OUOOTNTA
oupporileton pe teleies.

1 .

2 G G G cC A C
3 G G G CcC A . C
4 G C G A G G C
5 . T G

6 G . C
7 T G C G G . C C
8 G G C .
9 T G C G G . G C C
10 G C . G G A G C
1 C . G G C G G C .
12 G C G cC C
13 G G C A G C
14 G T G G G C A G C
15 G . C
16 .. C G G G C C
17 G T G G cC A G C
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Table 3.2.d. Haplotype designation and variable nucleotide positions among 11
haplotypes revealed after analysis of nuclear Locus Al of S. typhle. Numbers refer to
underlined positions in Figure 3.18. For every haplotype nucleotides are given when
they are different from the consensus sequence, while identity is shown by dots.
Hivakag 3.2.d. Awagopetikol amhotumol Ko TOALHOPQIKEG Béoeig petaly tov 11
anAoTHTOV OV TPOEKLYOY Otd TV avAAvGT Tov TVPNVIKOL TOmov Al Tov &idoug S.
typhle. Ot ap@poi avtictoyodv otic vroypaumcpéveg Béoerg oty Ewova 3.18. Ta
vovkAgotidw kdBe molvpopeikng Béong oivovtar Otav avtd deépovv omd TV
aAAniovyio avapopds, evd 1 opototnTo cPoiileTon pe Teleles.

8 8 8 § 8 4 8 8 8 8
1 .
2 . A C
3 A .
4 T
5 C A . c
6 c . c
7 . c
8 . T
9 Cc G

= o
o
®

oo
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Table 3.3.a. Distribution of 78 mitochondrial haplotypes among 19 S. abaster sampling stations (n, number of individuals carrying each haplotype; Hnp, number of

copies of each haplotype in the population).

IMivaxog 3.3.a. Katavour tov 78 anAotdmov Tov aviyveddnkov Kotd Ty availvon thg Teployng eréyyov tov ptoyovdprakov DNA tov gidovg S. abaster otovg 19
otafpovg detypatolnyiog (N, 0 aplBpdg TV atdu®V To 0Toio PEPOLVY Tov Kabe amAdtumo; HNp, aptBuog aviypdomv kabe andotdmov tov TAnbvcpov)

1 2 3 4 5 6

7

8 9

10

11

12

13

14 15

16

17 18 19 20 21 22 23 24 25 26

1.Drepano 5 1 1

2. Neochori 1 1

3. Mitikas

4. Tourlida 1

5.Kalogria

6.Katakolo 2

7.Kotichi

8.Kaiafa

9.Moustos

10.Kechries

11.Livanata

12.Karavomilos

13.Lechonia

14.Korinnos

15.Pilaia

16.Vourvourou

17.Porto Koufo

18.Vassova

19.Drana

n 6 1 3 1 1 1

1

1 1

6

1

1

1

1 1

1

Hnp 2 1 2 1 1 1

1

1 1

1

1

1

1

1 1

1

Haplotype

2.30 115 230 115 115 1.15
frequency

1.15

115 1.15

1.15

1.15

1.15

1.15

115 1.15

1.15




Table 3.3.a. Continued
Mivakag 3.3.a. Xvvéyela

27 28 29 30 31 32 33 34

35

36 37 38 39

40

41 42

43 44

45 46

47

48

49

50

51

52

1.Drepano

2. Neochori

3. Mitikas

4. Tourlida

5.Kalogria 1 1

6.Katakolo 1

7.Kotichi

8.Kaiafa 3 2

9.Moustos 3 1 1

10.Kechries

11.Livanata

12.Karavomilos

13.Lechonia

14.Korinnos

15.Pilaia

16.Vourvourou

17.Porto Koufo

18.Vassova 1

19.Drana 1

n 2 2 1 3 2 3 1 1

2 1 3 1

1 1

1 1

1 1

3

1

1

1

1

1

Hnp 2 2 1 1 1 1 1 1

1 1 2 1

1 1

1 1

1 1

1

1

1

1

1

1

Haplotype frequency 230 230 115 115 115 115 115 115

1.15

115 115 230 115

1.15

115 115

115 115

115 115

1.15

1.15

1.15

1.15

1.15

1.15
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Table 3.3.a. Continued
IMivakag 3.3.a. Zvvéyewa

53 54 55 56 57 58 5 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77

1.Drepano

2. Neochori

3. Mitikas

4. Tourlida

5.Kalogria

6.Katakolo

7.Kotichi

8.Kaiafa

9.Moustos

10.Kechries

11.Livanata

12.Karavomilos

13.Lechonia

14.Korinnos 1 1 1 1 1 1 1 1

15.Pilaia 2 1 1 1 1

16.Vourvourou 2 1

17.Porto Koufo 1 4 1 1 1

18.Vassova 1 1 1

19.Drana 1 2

n 1 1 1 1 1 1 1 1 2 1 1 1 1 2 1 1 4 1 1 1 1 1 1 1 2

Hnp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Haplotype

frequency 115 115 115 115 115 1.15 115 115 115 115 115 115 115 115 115 1.15 1.15 115 115 115 115 115 115 115 1.15
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Table 3.3.b. Distribution of 14 nuclear Al haplotypes among 17 S. abaster sampling stations (n, number of individuals carrying each haplotype; Hnp,

number of copies of each haplotype in the population).

IMivaxkag 3.3.b. Koatovoun tov 14 anlotdinmy mov aviyveddnkay katd v avdivon tov mopnvikod tomov Al tov gidovg S. abaster otovg 17 otafuovg

derypatornyiog (N, o aptBudg TV aTdp®V Ta 0moia pEPovV Tov Kabe anidtomo; HNp, apBudc avitypdeov kabe amlotdimov otov vid eEétaon TAnBuoud).
Hapl Hap2 Hap3 Hap4 Hap5 Hap6 Hap7 Hap8 Hap9 Hapl0 Hapll Hapl2 Hapl3 Hapl4d

Drepano 7 1
Neochori 4 1 1
Mitikas 2
Tourlida 3 1
Kalogria 2 2 6
Kaiafa 1 3
Moustos 6
Kechries 2
Livanata 4 2
Karavomilos 3 1
Lechonia 3 2 1
Korinnos 2 1 1
Pilaia 2 3
Vourvourou 5 3
Porto Koufo 1 1 3 1
Vassova 6
Drana 1 4 1
n 19 2 1 4 11 30 8 4 2 2 5 3 1 1
Hnp 6 2 1 2 6 9 2 1 1 1 3 1 1 1

Haplotype frequency 16.22 541 270 541 1622 2432 541 270 270 2.70 8.11 2.70 2.70 2.70
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Table 3.3.c. Distribution of 17 mitochondrial haplotypes among 10 S. typhle sampling stations (n, humber of individuals carrying each haplotype; Hnp,
number of copies of each haplotype in the population).

IMivaxkag 3.3. ¢. Katavoun tov 17 amAotdmomv mov aviyveddnkay kotd v avalouon g meptoyng eEAEyyov tov proyovoprokod DNA tov gidovg S. typhle
otovg 10 otafuode derypatoinyiag (N, o aplBpdg Tov atdépumy to omoia eépovy Tov Kabe anidtumo; HNp, apiBudg aviypdeov kébe amlotdinov otov vId

eétaon mAnbouopo).
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1. Drepano 1 1 1
2. Neochori 2 1
3.Mitikas 2
4. Katakolo 1
5.Gialova 1
6.Livanata 2 1
7.Korinnos 2 1
8.Pilaia 1 1 1
9.Vourvourou 1 1 1
10.Vassova 1
n 1 1 1 1 2 1 5 1 1 2 1 2 1 1 1 1 1
Hnp 1 1 1 1 1 1 3 1 1 1 1 2 1 1 1 1 1
Haplotype 500 500 500 500 500 500 1500 500 500 500 500 1000 500 500 500 500 500

frequency
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Table 3.3.d. Distribution of 11 nuclear Al haplotypes among 11 S. typhle sampling stations (n, humber of individuals carrying each haplotype; Hnp,
number of copies of each haplotype in the population).
IMivaxkag 3.3.d. Katavoun tov 11 amhotdmov mov aviyveddnkay katd tnv avdivorn tov mupnvikod tomov Al tov gidovg S. typhle otovg 11 otabuoig
derypatornyiag. (N, o apBpog tov atdpmy ta omoia pépovv Tov kdbe anddtuomo; HNp, apBudg avirypdeov kabe amlotdmov otov vid eEétoon TAnBuoud).

1 2 3 4 5 6 7 8 9 10 11
1.Drepano 5 1
2.Neochori 2 1 1 2
3.Mitikas 3 1 2
4 Katakolo 1 1
5.Gialova 2
6.Kechries 1 1
7.Livanata 5 1 1 1
8.Korinnos 3 1
9.Pilaia 2 1 2 1
10.Vourvourou 6
11.Vassova 1 1
n 9 1 6 1 1 4 2 1 2 1 1
Hp 28 1 6 1 1 3 2 2 1 1
Haplotype
frequency 31.03 3.45 20.69 3.45 3.45 13.79 6.90 3.45 6.90 3.45 3.45
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Table 5.1. Genotypes of newborn individuals of S. abaster species at the four studied microsatellite
loci in the present study.

IMivakog 5.1. Tevotvmotl tov anoydvov tov gidovg S. abaster émmg mpoékvyov amd yevoTOmion
GTOVG TEGGEPLS VIO UEAETT IKPOSOPLPOPTKOVS TOTOVG.

S.abas3 S.abas4 S.abas7 S.abas9
samples Allelel Allele2 Allelel Allele2 Allelel Allele2 Allelel Allele2
S.ab357 194 198 241 245 250 258 228 360
S.ab358 166 198 241 281 230 258 208 228
S.ab360 194 198 245 249 258 270
S.ab362 241 281 238 258 208 228
S.ab363 194 198 241 245 258 270 204 228
S.ab364 166 198 241 297 230 258
S.ab365 194 194 245 249 258 270 204 228
S.ab366 194 198 241 245 258 270 216 360
S.ab367 194 198 225 241 250 258 216 360
S.ab369 194 194 241 297 238 258 208 216
S.ab370 194 194 225 249 258 270 204 216
S.ab371 166 194 249 281 230 258 208 216
S.ab372 194 198 225 249 250 258 216 360
S.ab374 194 198 241 245 250 258 204 216
S.ab375 194 198 225 249 228 360
S.ab379 194 198 241 245 258 270 216 360
S.ab385 194 194 229 249 250 258 204 216
S.ab386 194 198 245 249 250 258 204 216
S.ab387 194 198 245 249 250 258
S.ab388 194 198 245 249 258 270
S.ab390 194 198 258 270 228 380
S.ab392 194 198 245 249 250 258 216 360
S.ab393 194 194 225 249 250 258 220 360
S.ab394 194 198 245 249 258 270 204 228
S.ab395 166 194 249 281 230 258 228 420
S.ab396 194 198 225 249 258 270 204 216
S.ab400 194 198 225 241 258 270
S.ab401 194 198 245 253 258 270 228 360
S.ab403 194 194 241 297 230 258 208 228
S.ab404 194 198 225 249 258 270 228 360
S.ab415 194 194 225 241 258 270 204 216
S.ab416 194 194 241 245 250 258
S.ab308 194 210 265 269 218 234 380 384
S.ab309 182 210 241 273 218 274 364 384
S.ab310 190 194 241 245 234 274 208 364
S.ab332 182 210 241 273 218 274 380 388
S.ab334 182 202 241 285 238 274 236 380
S.ab335 182 210 241 265 218 234 364 384
S.ab336 190 194 269 305 234 278 208 380
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S.ab340
S.abh341
S.ab342
S.abh343
S.ab345
S.ab346
S.ab347
S.abh348
S.ab349
S.ab311
S.ab313
S.ab314
S.ab315
S.abh317
S.ab318
S.ab320
S.ab321
S.abh322
S.abh323
S.ab324
S.ab325
S.ab328
S.ab329
S.ab330
S.ab331
S.ab326
S.ab423
S.ab424
S.ab425
S.ab426
S.ab430
S.ab431
S.ab434
S.ab436
S.ab437
S.ab439
S.ab440
S.ab441
S.ab442
S.ab454
S.ab456
S.ab463
S.ab464
S.ab465
S.ab466

182
182
182
182
182
190
182
174
194
182
190
182
182
194
194
194
194
182
182

182

190
182
194
190
194
194
194
202
198
198
198
194
194
198
194
186
198
198
186
198
194
202
198

182
202
194
202
190
194
194
194
202
202
194
194
194
202
198
198
202
202
198

202

194
198
210
194
198
198
198
206
202
202
202
198
198
202
198
198
210
210
198
222
198
206
210

261
241
241
241
245
241

245
265
269
241

241
241
241
257
241
257
257
241
269
269
269
269
269
241
249
253
229
237
229
249
237
229
253
237
237
253
229
253
249
229
229
229
253

269
273
257
257
269
305

269
269
285
245

245
273
261
269
257
269
269
261
285
273
285
305
273
241
253
293
361
253
293
253
253
249
361
253
253
269
253
281
253
269
361
281
281

234
274
234
238
274
234
274
234
274
274
234
234
274
274
266
234
274
238
238
234
234
234
234
234
234
234
254
250
238
246
238
238
238
254
238
238
238
238
230
238
238
262
250
230
230

266
278
282
274
278
278
274
274
278
282
278
278
278
278
274
238
282
274
274
238
282
278
238
274
278
274
262
262
266
262
266
246
246
262
250
246
254
258
238
258
258
290
262
262
238

364
380
364

208
208
380
364
364
236
380
364
380
364
380
364
236
236
364
380
236
380
364
208
380
380
340
228
380
340
228
228
232
340

232
340
340
380
340
380

212
340
208

388
388
408

364
380
388
392
388
364
388
388
388
388
392
408
380
364
408
388
380
384
408
380
384
388
372
380
380
372
380
380
380
372

340
372
388
380
380
388

340
340
340
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S.ab469
S.ab474
S.ab476
S.ab477
S.ab478
S.ab479
S.ab480
S.ab482
S.ab486
S.ab489
S.ab490
S.ab491
S.ab137
S.ab139
S.ab140
S.ab141
S.ab142
S.ab145
S.ab171
S.ab172
S.ab173
S.ab174
S.ab176
S.ab177
S.ab180
S.ab183
S.ab151
S.ab152
S.ab154
S.ab157
S.ab158
S.ab159
S.ab160
S.ab161
S.ab162
S.ab153
S.ab155
S.ab163
S.ab164
S.ab165
S.ab166
S.ab167
S.ab168
S.ab169
S.ab170

194
198
198
186
198
186
198
186
198
198
194
194
190
198
198
198
190
190

190
198
190
198
198
198
198
198
190
190
190
198
198
190
198
198
190
190
198
198
198
198
198
190
198
198

198
222
210
198
202
198
202
198
222
202
198
198
202
234
234
214
198
202

214
214
234
234
214
214
202
214
214
202
214
214
234
214
234
234
214
234
202
214
218
218
202
218
202
202

249
253
229
229
253
245
237
241
229
229
229
229
237
245
245
245
245
245
237
237
245
237
245
245
237
237
245
237
245
237
237
237
237
245
237
245
245
237
237
245

245
237
237
245

253
269
245
269
253
253
253
253
269
361
249
237
245
257
257
249
281
249
245
249
249
257
249
281
249
237
249
257
249
281
249
249
281
257
257
257
257
249
257
249

249
249
237
249

254
238
238
238
238
238
238
238
238
238
238
254
234
258
258
234
266
234
258
234
258

234
234
258
234
234
294
238
266
258
234
234
234
234
234
234
234
258
234
234
234
238
234
234

262
290
238
290
258
238
246
238
290
266
254
262
298
294
294
258
298
298
294
258
294

258
258
294
258
258
298
298
298
294
258
298
258
258
298
298
298
294
258
258
298
298
258
258

340
380
200
340
380
380
340
200
200
228

228
208
212
404
404
388
208
212
212
212
404
376
392
212
208
212
212

392
212
212
212
404
404
212
212
404
376
212
404
208
404
404
212

388
388
340
388
380
388
372
380
380
340

340
212
420
420
420
404
212
376
420
420
420
404
404
376
404
376
376

404
420
420
392
420
420
420
420
420
404
420
420
212
420
420
216
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S.ab186
S.ab187
S.ab188
S.ab189
S.ab190
S.abh194
S.ab195
S.ab196
S.ab197
S.ab198
S.ab199
S.ab200
S.ab201
S.ab202
S.ab203
S.ab205
S.ab207
S.ab208
S.ab209
S.ab210
S.ab212
S.ab214
S.ab215
S.ab216
S.ab217
S.ab219
S.ab220
S.ab221
S.ab222
S.ab223
S.ab224
S.ab39
S.ab40
S.ab41
S.ab42
S.ab43
S.ab44
S.ab45
S.ab46
S.ab47
S.ab49
S.ab50
S.ab51
S.ab52
S.ab53

198
198
198
214
198
218
186
186
214
186
222
186
186
214
186
186
186
214
214
186
198
186
222
186
198
222
198
186
198
198
186
202
178
174
174
198
174
206
174
178
206
178
202
178
202

222
222
222
222
222
222
198
234
222
198
238
218
234
222
214
218
238
222
222
198
222
242
234
198
222
234
222
234
222
222
198
206
202
222
202
222
222
222
202
202
222
202
206
202
206

249
261
293
269
281
293
261
249
249
261
249
249
249
249
257
253
293
261
261
249
261
249
249
261
261
249
249
257
249
297
249
245
225
245
245
253
253
253
253
225
225
225
225
245
225

305
293
305
305
305
305
293
261
305
281
305
261
305
261
305
305
305
269
281
305
281
261
305
293
293
261
305
305
305
305
305
265
253
253
285
265
285
277
289
253
245
253
245
345
253

246
218
218
234
234

218
234
270
234
218
270
234
270
234
270
246
234
246
246
234
246
270
218
218
246
246
270
246
250
218
254
206
278
230
206
270
206
270
206
246
206
206
206
206

270
270
246
246
270

246
270
294
270
270
294
270
294
270
286
270
270
266
270
270
246
294
270
270
294
246
294
246
274
246
278
262
278
278
226
278
246
278
262
278
262
262
262
262

232
232
392
392
220
240
240
240
240
240
240
240
392
376
220
240
240
240
240
240
240
376
232
232
392
240
376
232

220
380
400
384
384
380
364
388
384

400
388
400
400
388

392
240
392
392
392
420
240
376
388
416
240
240
420
392
240
420
240
388
420
388
420
392
240
392
420
420
392
240

240
388
424
388
400
400
388
424
400

424
404
424
424
404
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S.ab54
S.ab55
S.ab67
S.ab65
S.ab58
S.ab59
S.ab60
S.ab62
S.ab63
S.ab64
S.ab66
S.ab68
S.ab69
S.ab71
S.ab73
S.ab74
S.ab75
S.ab105
S.ab106
S.ab107
S.ab108
S.ab109
S.ab110
S.abl111
S.ab112
S.ab113
S.ab114
S.abl115
S.ab116
S.abl117
S.ab118
S.ab119
S.ab120
S.ab98
S.ab122
S.ab123
S.ab124
S.ab125
S.ah126
S.ab127
S.ah128
S.ab130
S.ab131
S.ab99
S.ab103

178
202
202

178
178
198
178
206
178
174
182
202
202
178
174
174

186
194
194
186
186
186
194
194
186
186
186
186
186
186
194
186
186
186
186
194
194
186
194
194
186
186

222
206
206

202
202
202
222
222
222
202
202
206
206
202
202
202

186
210
202
194
218
194
202
218
194
194
218
198
194
202
210
202
194
202
194
198
198
186
210
210
194
186

245
245
225
245
225
225
245
225
225
245
253
245
253
245
253
245
245
221
245
229
245
193
245
245
229
221
193
229
221
221
245
193
229
193
229
245
193
197
245

237
229
197
209
221

277
225
253
277
245
253
265
245
253
281
285
245
277
265
277
253
289
245
273
273
261
229
361
269
269
229
245
273
229
229
273
245
273
245
269
269
229
245
269

245
273
245
245
245

262
206
206
206
206
206
206
246
206
246
206
206
206
206
262
206
206
230
238
230
238
230
238
238
238
230
230
238
238
230
230
238
238
230
230
238
230
230
238
238
238
230
238
238
238

278
262
262
262
246
246
226
278
246
278
230
230
262
226
278
270
270
242
298
298
262
254
242
262
254
242
254
298
242
242
298
262
242
262
262
262
254
262
254
242
302
242
254
298
242

400
388
400
400
388
400
380
400
388
388
384
364
400
380
388
384
384
192
380
396
380
212
388
380
212
388
212
396
192
388
380

392
380
380
212
212
380
380
380
380
376
380
380
380

424
424
424
424
404
424
388
424
404
404
400
400
404
400
424
400
400
392
392
416
392
392
392
392
396
392
392
416
396
392
392

416
396
396
392
396
396
396
392
392
392
392
392
392
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S.ab132
S.ab134
S.ab136
S.abh225
S.ab226
S.abh227
S.ab228
S.ab229
S.ab230
S.ab231
S.ab232
S.ab234
S.ab235
S.ab236
S.ab237
S.ab239
S.ab240
S.abh241
S.ab242
S.ab243
S.ab244
S.abh245
S.ab246
S.ab247
S.ab249
S.ab250
S.ab251
S.ab252
S.abh253
S.ab254

194
186
186
198
194
194
198
202
198
198
198
202
198
198
202
194
198
198
202
202
194
198
198
202
198
198
202
194
198
198

218
186
198
210
198
198
210
210
202
210
202
210
210
202
210
202
202
210
210
210
198
198
202
210
202
202
210
198
198
202

221
229
221
249
237
237
249
241
249
249
209
249
249
209
249
249
209
249
249
249
249
209
241
209
237
237
249
249
237
209

229
273
229
269
241
241
297
249
269
269
237
269
269
249
269
297
237
269
297
297
297
237
249
249
297
249
297
297
241
249

214
230
238
218
230
218
230
230
218
218
230
218
218
218
218
230
230
230
218
230
230
218
230
230
230
218
230
218
218
230

238
298
242
274
254
254
254
254
238
242
274
274
274
274
238
254
274
274
254
282
254
238
282
238
254
254
282
282
282
238

388
392
388
380

392
380

376
380
376
380
380
376
380
380
380
376
380
380
380
380
388
376
388
380
380
388
380
376

396
416
392
388

424
392

392
388
392
388
392
388
392
392
392
392
392
388
388
392
424
388
424
392
392
424
392
392
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Table 5.2. Number and genotypes of the possible mothers of S. abaster species as estimated from
the COLONY software.
IMivakog 5.2. Ap1Opog kot yevotumog tov mfavov pntépmv tov gidovg S. abaster 6mmg npoékvyav
and v eneéepyacia pe to mpdypapps COLONY

S.abas 3 S.abas4 S.abas7 S.abas9
Mother Allele Allele probabilit Allele Allele probabilit Allele Allele probabilit Allele Allele probabilit
iD 1 2 y 1 2 y 1 2 y 1 2 y
1 194 194 0.90 225 245 1.00 250 270 1.00 204 360 1.00
2 166 194 1.00 281 297 1.00 230 238 1.00 208 420 0.97
3 198 210 0.54 237 245 0.15 270 302 0.59 380 380 0.25
3 194 210 041 237 249 0.14 380 392 0.10
4 202 210 1.00 265 273 1.00 218 278 1.00 384 388 1.00
5 190 194 0.70 245 305 1.00 274 278 0.96 208 388 1.00
6 198 202 1.00 257 285 1.00 238 282 1.00 236 408 1.00
182 198 0.62 261 261 0.14 238 266 0.99 388 392 0.99
7 245 261 0.13
249 261 0.13
174 198 0.23 245 245 0.15 234 238 0.07 380 392 0.14
3 174 194 0.18 245 249 0.15 234 258 0.07 392 392 0.11
174 202 0.14 245 253 0.08 234 274 0.07 388 392 0.10
174 186 0.08 241 245 0.08 234 234 0.06 392 420 0.05
9 194 202 1.00 237 249 1.00 246 254 1.00 228 372 0.72
10 194 202 1.00 293 361 1.00 250 266 1.00 212 228 0.88
1 186 222 1.00 249 269 0.99 258 290 1.00 200 388 0.75
12 202 210 1.00 253 281 0.98 230 258 1.00 208 380 0.81
13 194 198 1.00 197 249 1.00 254 262 0.97 380 388 0.99
14 186 210 0.96 241 245 0.98 238 238 0.34 200 388 0.99
15 202 218 1.00 237 249 1.00 234 238 1.00 208 420 1.00
16 214 234 1.00 249 257 1.00 234 294 1.00 376 420 1.00
17 198 214 1.00 269 281 1.00 234 266 1.00 388 392 1.00
18 198 238 0.98 249 293 1.00 218 246 1.00 232 420 1.00
198 218 0.24 253 293 0.93 238 286 0.11 220 380 0.14
19 194 218 0.18 258 286 0.10 220 392 0.11
202 218 0.14 234 286 0.08 220 388 0.10
186 218 0.08 230 286 0.07 220 420 0.05
198 198 0.24 245 297 0.15 238 274 0.08 380 392 0.03
20 194 198 0.18 249 297 0.14 380 388 0.03
198 202 0.14 253 297 0.08 388 392 0.02
186 198 0.09 241 297 0.08 380 380 0.02
21 198 206 1.00 265 269 0.98 226 254 1.00 380 380 0.77
22 178 206 1.00 225 277 1.00 246 262 1.00 404 424 1.00
23 174 182 0.93 245 285 0.99 230 270 1.00 364 384 1.00
24 198 218 1.00 221 361 0.87 214 242 0.49 192 388 1.00
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25 186 210 1.00 221 273 0.46 242 298 1.00 380 416 1.00
25 209 273 0.46 1.00 1.00
2 194 202 0.68 193 269 1.00 254 262 1.00 212 380 1.00
27 198 210 0.99 209 269 1.00 238 274 1.00 376 380 1.00
28 194 210 1.00 241 297 1.00 254 282 1.00 380 424 1.00
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Table 5.3. Genotypes of newborn individuals of S. typhle species at the four studied microsatellite
loci of the present study.

Mivakog 5.3. Tevotumol TV anoydovov tov gidovg S. typhle dmwg mpoékvyov omd yevotdmion
GTOVG TEGGEPLS VIO UEAETT LKPOSOPLPOPIKOVS TOTOVG

S.abas3 S.abas4 S.abas7 S.abas9
samples Allelel Allele2 Allelel Allele2 Allelel Allele2 Allelel Allele2
S.typl 178 206 246 278 216 256
S.typ3 214 218 237 253 222 250 220 228
S.typ7 202 214 237 237 222 250 228 268
S.typ9 178 206 233 249 250 278 220 256
S.typl4 178 206 193 249 250 278 220 228
S.typl5 178 206 237 253 222 250 220 256
S.typl6 206 214 237 237 222 234 216 256
S.typl7 178 202 249 249 246 278 228 268
S.typl8 214 218 237 253 222 238 220 228
S.typl19 214 218 193 249 238 278 220 228
S.typ22 193 237 234 278 220 256
S.typ23 237 237 216 228
S.typ27 206 214 237 237 234 278 228 268
S.typ28 237 253 246 278 228 268
S.typ51 214 218 237 253 222 238 220 256
S.typ52 178 206 233 237 250 278 256 272
S.typ59 214 218 233 237 222 250 220 256
S.typ60 206 214 249 253 238 278 228 272
S.typ61 206 214 209 249 238 278 228 272
S.typ63 178 202 237 237 234 278 228 268
S.typ64 210 214 233 237 238 278 200 228
S.typ67 210 214 209 237 222 238 228 272
S.typ68 178 202 249 249 246 278 216 256
S.typ70 214 218 193 237 222 238 200 256
S.typ71 202 214 237 237 222 234 216 228
S.typ73 178 206 237 253 238 278 200 256
S.typ75 210 214 209 249 250 278 256 272
S.typ80 214 218 237 253 222 238 200 228
S.typ81 178 218 249 253 250 278 220 256
S.typ123 206 238 221 225 198 234 212 224
S.typl24 218 238 205 229 210 254
S.typl25 222 238 197 225 210 254 192 212
S.typl126 222 238 205 229 210 238 212 240
S.typl27 206 238 221 225 198 234 200 212
S.typl128 222 222 229 241 210 238
S.typ129 222 222 205 229 234 238 192 256
S.typ130 234 238 225 241 234 238 240 256
S.typ13l 222 238 205 229 234 254 240 256
S.typ132 206 238 221 229 198 234 200 212
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S.typ133
S.typl34
S.typ135
S.typ136
S.typ137
S.typ138
S.typ139
S.typ140
S.typ141
S.typ89

S.typ90

S.typ91l

S.typ93

S.typ94

S.typ95

S.typ96

S.typ97

S.typ99

S.typ100
S.typ101
S.typ102
S.typ103
S.typl04
S.typ105
S.typl106
S.typ107
S.typl108
S.typ109
S.typ110
S.typl11
S.typl12
S.typ113
S.typll4
S.typ115
S.typl16
S.typ117
S.typl18
S.typ119
S.typ120

222
222
222
222
222
218
230
230
238
226
234
226
234
226
226
234
226
226
234
226
226
186
226
226
234
234
226
226
234
234
226
234
226
234
234
226

226
234

222
222
230
222
222
238
238
238
238
262
262
294
294
262
294
262
294
262
294
294
294
294
262
294
294
262
262
294
294
262
262
262
262
262
294
294

294
294

229
225
225
229
229
229
221
221
205
233
233
233
233
221
221
221
221
221
221
221
221
221
245
245
221
221
245
233
233
221
221
233
245
221
221
221
221
221
221

237
241
229
241
241
237
229
225
229
245
245
245
245
233
233
345
345
233
233
345
233
345
345
345
345
233
345
245
245
233
345
273
345
345
233
233
233
345
233

234
210
210
234
210
234
234
198
234
230
226

226
226
230

226
230
226
230
226
230
230
226
230
226
230
226
226
230
230
226
230
230
226
226
230
230
226

254
238
266
254
254
254
266
210
254
258
258

258
258
250

250
258
250
250
250
250
258
250
250
258
258
250
258
250
258
258
250
258
250
250
258
250
250

212
212
200
192
240
212
200
212
208
200
204
204
200
200
200
204
200
200
204
200
200
204
200
200
200
204
200
200
200
200
200
204
200
204
200
200
200
200
200

256
240
212
256
256
256
256
224
212
200
224
224
204
224
200
224
200
224
224
204
204
224
204
200
224
224
200
224
224
224
224
224
200
224
204
204
204
204
204
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Table 5.4. Number and genotypes of the possible mothers of S. typhle species as estimated from
the COLONY software
Mivakog 5.4. Ap1Opog kot yevotumog tov mbavov pntépmv tov gidovg S. typhle 6nwmg mpoékuyay
and v ene&epyacia pe to mpdypappe COLONY

S.abas 3 S.abas4 S.abas7 S.abas9

Moder ID Alleles  Probability Alleles  Probability Alleles  Probability Alleles  Probability

1 202 206 1.000 237 249 0.840 234 246 1.000 216 268 1.000

2 206 218 1.000 193 253 1.000 238 250 1.000 200 220 1.000

3 206 210 1.000 209 233 0.999 238 250 1.000 200 272 0.973

4 206 230 1.000 221 229 0.531 198 266 0.998 200 224 1.000

221 225 0.304

5 218 222 0.694 205 237 0.863 254 254 0.201 212 256 0.179

218 218 0.047 250 254 0.135 256 256 0.172

254 278 0.097 200 256 0.119

234 254 0.093 200 212 0.062

222 238 0.507 205 241 1.000 238 254 1.000 192 240 1.000
222 234 0.345

7 226 234 1.000 221 245 1.000 226 230 1.000 200 224 0.998
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